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Abstract 
In today's global environment, asset maintenance has become a prominent func­
tion for manufacturing organizations to enhance production operations and support 
business transition. Significant efforts have been conducted by researchers and prac­
titioners on selecting maintenance strategies, implementing advanced technologies 
for optimizing asset's life cycle cost. Meanwhile, the increasing importance of asset 
maintenance management requires the maintenance activities be measured in terms 
of their productivity. However, there is no "easy way" to measure the performance of 
asset maintenance due to the complexity of maintenance function. The existing ap­
proaches cost organizations a tremendous amount of time and resources. The purpose 
of this study is to develop a model that provides thorough and accurate evaluation 
for asset maintenance in a time-efficient and cost-effective manner. The developed 
model could be used for both external assessment to obtain concrete information 
prior to providing service and internal assessment to enhance continuous improve­
ment. A number of organizations have participated in this study for validating the 
effectiveness and applicability of the model. 
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Chapter 1 
Introduction 
1.1 Background 
The original form of asset management is maintenance and the traditional perception 
of maintenance function is to fix a machine after it is broken, which may also be re­
ferred as breakdown maintenance, reactive maintenance or corrective maintenance. 
Maintenance was once called "necessary evil" since it was completely determined 
by the functioning of the equipment and considered impossible to be predicted and 
managed. After realizing that many of failures could actually be avoided by rou­
tine check and regular repair, preventive maintenance program was introduced and 
brought great benefits to organizations. Since then the maintenance areas have re­
ceived more and more attention and numerous technologies, approaches and strate­
gies were developed such as predictive maintenance, time-based maintenance, and 
reliability-centered maintenance. 
The United States Department of Defense [(USDD), 1966] defined maintenance 
as "all actions necessary for retaining an item in or restoring it to a specified condi­
tion". A more recent view of maintenance is defined by Geraerds [Geraerds, 1995] 
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as "All activities aimed at keeping an item in, or restoring it to, the physical state 
considered necessary for the fulfillment of its production function". These two de­
finitions enlarged the scope of maintenance and reflected the trend that proactive 
maintenance is becoming more and more important for the maintenance function. 
The Maintenance Engineering Society of Australia (MESA) recognizes this broader 
perspective of maintenance and defines the function as "the engineering decisions and 
associated actions necessary and sufficient for the optimization of specified capabil­
ity". Therefore, the scope of maintenance should cover every stage in the life cycle 
of technical systems (plant, machinery, equipment and facilities): specification, ac­
quisition, planning, operations, performance evaluation, improvement, replacement, 
and disposal [Murray et al. ,  1996). Sawhney (et al.) [Sawhney et al., 2004) proposed 
the concept of Mean Maintenance Lead Time (MMLT) and categorized maintenance 
activities into seven categories: Identify failures, communicate maintenance require­
ments, assess sources of problem, determine correct parts and tools, locate required 
resources, schedule maintenance, fix equipment and yield a good part , as illustrated 
in Figure 1.1 [Li and Sawhney, 2005). When perceived in this wider context, the 
maintenance function is also known as physical asset management. 
In today's competitive manufacturing scenario asset maintenance has become 
a prominent business discipline of organizations. The focus of manufactures on de­
livery, quality and cost is highly dependent upon the proper functioning of physical 
assets within the organization. Great amount of capital have been invested for main­
taining the equipment and ensuring the satisfactory service level of physical assets. It 
was estimated that over 200 billion dollars were spent on maintenance in the United 
States in 1979 and maintenance costs have risen between 10% and 15% per year 
since then [Wireman, 2004). The advancement of technologies and the application of 
complex equipment and infrastructure system has made the asset management even 
more complicated for the past few decades. 
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Figure 1 .1: General Process of Maintenance Activities 
1.2 Problem Statement 
A major driving force for performance measurement is to achieve the operational 
excellence. Similarly, a physical asset performance measurement system is required to 
uncover weaknesses, identify potential improvement and maintain satisfactory level of 
asset usage. Rose [Rose, 1995] states that performance measurement is the language 
of progress for the organization. Webster and Hung [Webster and Hung, 199 4] state 
that measurement is a key management activity that provides decision makers with 
information necessary for decision making, monitoring performance and effective 
allocation of resources. Cupello [Cupello, 199 4] looks at performance hierarchies for 
different performance measures, and provides four reasons why organizations need 
to conduct measurement, which are planning, screening, control and diagnosing. 
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The reasons for a performance measurement system of asset maintenance can 
be summarized are as follows: 
1. What is to be measured can be done. The organization's measurement 
system strongly affects the behavior of all employees. There must be an 
effective performance measurement system for monitoring and controlling 
processes in order for an organization to be successful. 
2 .  As a management discipline, the full potential and benefits of using per-
formance measurement are to implement strategy throughout an organi­
zation - that is, using it as a proactive rather than a reactive management 
tool [Mather, 200 4). The adoption of performance measurement system 
for asset maintenance is to translate management strategies to the asset 
management department and other related areas. 
3 .  An appropriate measurement system helps the communication between as-
set maintenance and other functions as practice has indicated that lack of 
communication has significant impact on successful implementation of new 
technologies and techniques. 
4 .  Many companies are turning to a variety of improvement initiatives in 
order to remain their competitive advantages. The performance of asset 
maintenance must be tracked accurately and carefully to reflect the results 
of improvement. 
There are a number of methodologies and practices for performance evaluation 
in manufacturing companies, most of which may also be performed for physical 
asset management. The three major types of assessment approaches are internal 
assessment, external assessment, and benchmarking. 
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Internal Assessment Companies who find it necessary to conduct performance 
assessment have normally developed evaluation methodologies as part of their busi­
ness strategies. Targets are set up for activities that are being measured and the 
performance of such activities are pe.riodically compared with the predetermined 
goals by means of visual boards, regular meeting, or plant-wide communications. 
External Assessment With the advancement of technologies and system becom­
ing more and more complex, it has become a focused area to study, measure and 
audit all activities in the function of physical asset management, requiring dedicated 
work resources and expertise. A number of consulting companies and organizations 
provides varieties of service to enhance the productivity of physical assets and to 
conduct an external assessment is a very first step for such procedures. Despite of 
different approaches adopted, it normally takes weeks for consultants to conduct a 
thorough and detailed analysis. 
Benchmarking Benchmarking has been used widely as an effective tool to reveal 
current disadvantages and establish business objectives. However, there have been 
barricades to successfully implement benchmarking techniques in certain areas due 
to the lack of industry standards and metrics currently being available. 
Self-assessment of asset management by an organization has primarily focused on 
financial metrics due to the traditional view of asset management for the entire busi­
ness. The external assessment is normally a multi-week analysis conducted by a team 
of function-specific maintenance experts. This type of assessment usually involves 
interviews with key site personnel, review and analysis of financial and performance 
data, a detailed examination of physical asset, time-study of managed activities, 
and a multi-day labor activity analysis to determine the productivity level [Barker, 
200 4]. Such review and analysis that includes all of the elements can be very costly 
and take tremendous amount of resources. Some small consulting firms conduct a 
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cursory, high-level evaluation conducted by one or two individuals while spending a 
day or two at the client site. This type of review can be executed for very little cost 
and is likely to uncover some obvious problems but fail to discover some of the less 
obvious problems or to identify the root causes of the site's problem areas. 
With the existence of above issues, the question then becomes "Does there ex­
ist a methodology that provides the information in the most efficient and effective 
manner to support the creation of a credible business case?"· Is there a review or 
assessment methodology that can deliver a sufficiently detailed result and yet be con­
ducted for a relatively low cost? Is there a reliable asset management assessment tool 
currently available that can be administered quickly and provide enough information 
to enable site management to make an informed decision about moving forward with 
an appropriately designed improvement effort? 
As an answer to above questions, the proposed model. in this study aims at de­
veloping a methodology of asset evaluation that select necessary indicators in both 
financial and operational level, locates strengths and weaknesses in an efficient and 
effective manner, and provides detailed information to support any decision-making 
of the organization. The developed model can serve not only as part of integrated 
management tools for an organization, but also an industry standard for benchmark­
ing study. 
When a management decides to implement a performance measurement system, 
it generally does so in an uncontrolled and unfocussed manner [Mather, 2004). A 
list of indicators are normally delivered in a purely reactive way that incorporates a 
number of efficiencies into the process of physical asset· assessment. These areas of 
inefficiency can be grouped as follows [Mather, 2004): 
• Inefficiency in measurement. 
• Inefficiency in implementation. 
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Inefficiency in Measurement 
The decision regarding what to measure is one of the primary reasons for the failure 
of implementation of performance measurement systems. Without a clear identifica­
tion of the desired performance, as well as the reasons for this desired performance, 
companies often generate long list of indicators. Even though this long list of indi­
cators is able to cover all the areas of asset management, it results in tremendous 
amount of effort, time and resources for developing the model and collecting the 
required data. It is normally unrealistic to do so and almost impossible to sustain 
the measurement in a long run. 
Inefficiency in Implementation 
Even if the appropriate performance measures can be developed, there still exists 
the possibilities that the measurement will fail to meet the desired requirements and 
the major reasons may be summarized as follows: 
• The lack of understanding of why and how the measures to be utilized. 
• The lack of management support on the actual implementation of the mea­
surement system. 
• The lack of communication between physical asset management and other 
department. 
• The lack of alignment of asset management strategy with the overall busi­
ness objectives. 
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1.3 General Approach 
There are two major phases for developing the performance measurement system 
for the asset maintenance. The first is to conduct a comprehensive search on both 
academia and practice. The purpose of this step is to identify the approaches that 
are proposed or currently being applied in industry. A comparative analysis for 
the existing methodologies and tools will be conducted regarding the advantages 
and limitations of each method. The second step is to develop a new model that 
could be used for measuring the asset management effectively and efficiently. The 
proposed model ought to be applicable to sustain the monitoring and evaluation of 
asset management in a long run. 
The general approach is illustrate in Figure 1 . 2 ,  followed by the detailed descrip­
tion for each step. 
PHASE I: LITERATURE REVIEW 
Literature Research 
Comparative Study for Assessment Model 
Develop a Base Model 
PHASE II: MODEL DEVELOPMENT 
Data Collection and Model Validation 
Model Refinement 
Documentation 
Figure 1 . 2 :  General Approach of Proposed Methodology 
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Literature Search and Comparative Study 
A comprehensive literature review will be conducted in order to benchmark other 
. . performance models in terms of their strengths and limitations. This includes both 
the physical asset performance models and the performance measurement for general 
purposes. In addition to literature research, survey and interviews will be conducted 
to obtain the additional methodologies and tools from practitioners. 
Base Model 
Based on the study on the existing assessment tools, the base model is developed 
with all the possible categories and indicators. The purpose of preliminary model is 
to provide a all-inclusive basis that contains all the information about asset manage­
ment. The information may include theoretical approaches, operational issues and 
management concerns. 
Data Collection and Model Validation 
The proposed model needs to be validated through the data collection and field visit 
and interviews in the industry. The participating candidates are selected considering 
the types of their manufacturing processes. Not only the data need to be collected, 
the input from practitioners is desired in order to better the model. It should be 
noted that refining model and collecting data may need to be conducted repeatedly 
for several times before a satisfactory model is developed. 
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Model Refinement 
By refining the model, we mean that a structured approach is established and the 
indicators are organized under the appropriate category. This is to say that the model 
should not simply be a list of all the indicators. The model ought to present the 
information in a systematic manner and, more importantly, enable the management 
to discover any possible weakness that hinder the progress of improvement in both 
asset management area and major production process. 
Documentation 
The purpose of this study is to develop a complete package that is ready to use for 
measuring the asset management function. After the model is validated in industry, 
it should be made into a formal format and documented for the future use. A 
computerized application may also be developed for this purpose. 
1.4 Structure of Thesis 
The thesis is comprised of five chapters including this introduction chapter. Chapter 
1 gives a general introduction to the work. Following the introduction , a compre­
hensive literature review is conducted in both academia and industry in Chapter 2 .  
Chapter 3 gives a detailed description of the development of an asset performance 
measurement model. The work performed is treated and results are discussed in 
Chapter 4 ,  followed by overall conclusions of the work in the last chapter. 
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Chapter 2 
Literature Revie-w 
This chapter begins with a comprehensive literature search of the methodologies for 
the general performance measurement in manufacturing and other business types, 
which intends to shed some light on the applicability of the general approaches on 
the maintenance function as well as their strength and weakness. It is followed by 
a review of the performance measurement approaches that are currently deployed 
in the maintenance management. The feat�res of these approaches are discussed 
in terms of what areas are covered and how each approach perform for measuring 
maintenance activities. 
While the focus of this study is on plant maintenance and reliability, other 
areas are also investigated due to the fact that the performance of maintenance is 
highly interrelated other departments of an organization. This knowledge will help 
develop a better understanding on best-practice methodologies and applications in 
plant maintenance. 
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2.1 General Performance Measurement 
2 . 1 . 1  Selection of Performance Measures 
During the industrial age, financial indicators such as monetary value of sales and 
profits or percentage return on monetary investment were adopted widely as the basis 
for the efficiency allocation of financial and physic�l capital (Kaplan and Norton, 
1996] .  Because external groups place a strong emphasis on such financial measures, 
the internal performance measurement systems used within companies have also 
tended to be financial [Elnicki, 197 1 ]. The manufacturing process and the business 
systems were less complex then and the measurement of only financial status were 
usually sufficient to provide information for developing business strategies. With 
the emergence of information era and the introduction of a variety of advanced 
technologies and techniques, however, the measurement and control system merely 
based on the financial initiatives became less capable of capturing the real picture 
of how the system behaves and how the process is improved. The evaluation of an 
organization has been extended to more areas such as quality, efficiency, customer 
satisfaction, and the impacts of the improvement of any kind. Not only did the 
needs arise, the advanced technology made it possible to measure the non-financial 
indicators . .  
The basic yet critical step of a performance measurement system development 
is to determine which indicators to be included. Much efforts have been conducted 
since then in academia and practice to create or identify applicable measures that 
could drive the improvement effectively. The problems, however, are usually how to 
determine those measures given that the resources for designing and implementing 
the measurement are limited. Many organizations are struggling in mobilizing and 
exploiting measurement indices, both financial and non-financial, in order to recog­
nize existing problems, identify potential improvements and, subsequently increase 
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the competitiveness of an .organization. This section provides a brief introduction on 
the major existing performance measurement methodologies for general purposes. 
Following their literature review of the business strategies currently deployed 
in manufacturing area, · Leong et al. [Leong et al., 1990] claimed that it was widely 
accepted that the manufacturing task, and hence the key dimensions of manufac­
turing' s performance, could be defined in terms of quality, delivery speed, delivery 
reliability, price (cost) , and flexibility. Fitzgerald et al. [Fitzgerald et al., 199 1] sug­
gests that there are two basic types of performance measures in any organization -
those that relate to results (competitiveness, financial performance) and those that 
focus on the determinants of the results ( quality, flexibility, resource utilization and 
innovation). 
Thor [Thor, 199 4] prqposed a classifi.cation through "Family of Measures" con­cept and described five measurement categories: profitability, productivity, external 
quality (customers, "field performance"), internal quality (efficiency, waste) , and 
"other" quality (innovations, safety, organizational culture). 
Kaplan and Norton [Kaplan and Norton, 1996] proposed the Balanced Scorecard 
(BSC) approach that translates a business unit's mission and strategy into objectives 
and quantifiable measures built around four perspectives: 
• Financial perspective: Summarize the readily measurable economic conse­
quences. 
• Customer perspective: The customer expectation and market requirement 
are identified. 
• Internal-business-process perspective: The critical internal processes are 
identified in which the organization must excel. 
• Learning and growth perspective: The infrastructures are identified for an 
organization to create long term growth and improvement. 
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The BSC method promotes that both financial and nonfinancial measures must 
be part of the information system for employees at all levels of organization and serves 
as a mechanism for enhancing and . sustaining overall business strategies. In other words, the BSC method "puts the strategy - n_ot control - at the center" [Kaplan and 
Norton, 1992]. Different from the traditional measurement, in which the measures 
are used to control specific action, the BSC method develops overall vision and 
pulls the entire organization toward the common target. The basic processes of 
BSC are illustrated in Figure 2 . 1 .  While BSC method emphasizes on exploiting 
intangible or invisible assets, it provides an insight of why and how the measures with 
various focuses could be implemented as a whole and why and how the performance 
measurement system should be integrated with the overall business objective. 
In addition to the work published by Kaplan and Norton, Brown [Brown et al., 
199 4] emphasizes various perspectives of performance measurement, and identifies 
six types of performance measures: 
Customer 
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Figure 2 .1 :  Translating Vision and Strategy: Four Perspectives 
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• Customer satisfaction measures. 
• Financial measures: 
• Product/service quality measures. 
• Employee satisfaction measures. 
• Operat.ional measures. 
• Public responsib�lity measures. 
Rummler and Brache '[Rummler and Brache, 1995 ) identified three levels of 
performance in a systematic view: org·anization, process, and job/performer. For 
each level, three factors c':mstitute another dimension, namely goals, design, and 
management. A nine performance variables were developed accordingly. Table 2 . 1 
shows the nine variables. 
White [White, 199 4) summarized the;· �lassifications of 'performance measures for 
manufacturing and the criteria for the classifications are shown as follows: 
• Competitive capability: cost, quality, flexibility, delivery reliability, and 
speed. 
• Data sources: internal and external. 
• Data type: subjective and objective. 
• Reference: benchmark and self-referenced. 
• Orientation: process input and process outcome. 
Table 2 . i: The Nine Performance Variables 
Organization Level Process Level Job /Performer Level 
Goals Design Management Organization Organization Organization Goals · Design Management Process Process Process Goals Design Management Job Job Job Goals Design Management 
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Neely et al. [Neely et al. , 1 99 5] stated that organizations achieve their goals by 
satisfying their customers in an effective and efficient manner. Effectiveness refers 
to the extent to which customers expectations are met, while efficiency indicates 
how fast the customer expectations can be met given the - constraints of resources. 
He promoted using the concept of efficiency and effectiveness as two fundamental 
dimensions for defining performance measurement, performance measures, and per­
formance measurement system. He also proposed that a performance measurement 
system can be examined at three different levels: 
L The individual performance measures. 
2 .  The set of performance measures - the performance system as an entity. 
3. The relationship between the performance measurement system and the 
environment within it operates. 
Jonsson and Lesshammar [Jonsson and Lesshammar, 1999] summarized several 
methodologies existing in Table 2 . 2 .  
2 . 1 . 2  Frameworks for Implementing Performance Measure­
ment 
It is important for every organization to design a framework in order to implement 
the performance measurement system successfully. Various authors have proposed 
guidelines for implementing the performance measurement system. 
Lea and Parker [Lea and Parker, 1989) suggested th�t measures of performance 
should be: 
• Simple to understand. 
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Table 2 . 2 :  Dimension and Characteristics - A Summary 
Dimensions/ Characteristics Description 
Strategy The measurement system translates the corporate and business strategies to all levels of the organi­zation. Flow orientation The measurement system integrates all functions, activities and processes along the supply chain. Internal efficiency The measurement system makes productivity con­trol and comparison between . internal functions possible. External efficiency The system interacts with customers and measures the level of customer satisfaction. Improvement drives The measurement system not only works as pas­sive control, but is instead used for continuous im­provement. Simple and dynamic The measurement system is simple and dynamic, since several dimensions are to be included and since the circumstances for measurement are fast changing. 
• Have visual impact. 
• Focus on improvement rather than variance. 
• Visible to all. 
Oakland [Oakland, l.993] emphasized the criterion for selecting performance 
measures by pointing out the problems of harmful measures that frustrated im­
provements efforts. 
• Produce irrelevant or misleading information. 
• Track performance in single, isolated dimensions. 
• Generate financial measures too late, e.g. quarterly, for mid-course correc­
tions or remedial action. 
17 
• Do not take account of the customer perspective, both internal and exter­
nal. 
• Distort management's understanding of how effective the organization has 
been in implementing its strategy. 
• Provide behavior that undermines the achievement of the strategic objec­
tives. 
Globerson [Globerson, 1985] suggested that the following guidelines could be 
used to select a preferred set of performance criteria: 
• Performance criteria must be derived from the company's objectives. 
• Performance criteria make it possible to compare organizations which in 
the same types of business. 
• The purpose of the performance criteria is clear. 
• Data collection and methods of calculating the performance criteria are 
clearly defined. 
• Ratio performance criteria are preferred to absolute numbers. 
• Performance criteria are under the control of the evaluated organizational 
unit. 
• Performance criteria are selected through discussions with the people in­
volved ( customers, employees, managers). 
• Objective performance criteria are preferred to subjective performance cri­
teria. 
• The value of the performance criteria must be the same or insignificantly 
different for the same performance. 
Fortuin [Fortuin, 1988] adopted a similar stance, but also suggested that mea­
sures should: 
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• Provide fast feedback. 
• Provide information. 
• Be precise - be e�act about what is being measured. 
• Be objective � not based on opinions. 
Similarly, Maskell [M�kell, 1989] offers seven principles of performance mea­
surement system design. 
• The measures should be directly related to the firm's manufacturing strat­
egy. 
• Non-financial measures should be adopted. 
• It should be recognized that measures vary between locations - one mea-
sure is not suitable for all departments or sites. 
• It should be acknowledged that measures change as circumstances do. 
• The measures should be simple and easy to use. 
• The measures should provide fast feed back. 
• The measures should be designed so that they could stimulate continuous 
improvement rather than simply monitoring the current system. 
Several authors have emphasized this problem from the perspective of what are 
the criteria for determining whether the measures selected are appropriate. Following 
a literature review on designing performance measures, Neely [Neely et al. , 1997] 
provides a summary of the general requirements for selecting performance measures, 
as shown in Table 2 . 3 .  
In Neely's work [Neely et al. , 1995], an example is given to illustrate the practical 
use of a performance measurement system. In late 1980s, General Motors invested $ 
20 million defining a set of 62 primary measures that could be applied consistently 
at various organizational levels as shown in Figure 2 . 2 .  The rational underlying this 
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Table 2 . 3 :  Recommendations for Design of Performance Measures 
RECOMMENDATIONS 1 Performance measures should be derived from the strategy 2 Performance measures should be simple to understand 3 Performance measures should provide timely and accurate feedback 4 Performance measures should be based on quantities that can be influenced or controlled by the user alone or in co-operation with others 5 Performance measures should reflect the "business process" -i.e. both the supplier and customer should be involved in the definition of measure 6 Performance measures should relate to specific goals( targets) 7 Performance measures should be relevant 8 Performance measures should be part of a closed management loop 9 Performance measures should be clearly defined 10 Performance measures should have visual impact 11 Performance measures should focus on improvement 12 Performance measures should be consistent (in that they maintain their significance as time goes by) 1 3  Performance measures should provide fast feedback 14  Performance measures should have an explicit purpose 1 5 Performance measures should be based on an explicitly de­fined formula and source of data 16 Performance measures should employ ratios rather than ab­solute numbers 1 7  Performance measures should use data which are automati­cally collected as part of a process whenever possible 18 Performance measures should be reported in a simple consis­tent format 19 Performance measures should be based on trends rather than snapshots 20 Performance measures should provide information 21 Performance measures should be precise - be exact about what is being measured 2 2  Performance measures should be objective - not based on opinion 
SOURCES 
( 1 ,  2, 3, 4-8) 
(3, 5-8, 9, 10) 
(2-4) 
(2, 3, 5) 
(2, 3 ,  5) 
(2, 3, 10) 
(3, 5 , 7) 
( 1 , 2) 
(2, 3) 
(3, 9) 
(5, 9) 
(3, 5) 
(3, 6) 
(2) 
(2) 
(2) 
(2) 
(5) 
(5) 
(3) 
(3) 
(3) 
(1) (Dixon et al. ,  1990) , (2) (Kaplan and Norton, 1992] , (3) (Globerson, 1985) , (4) (Lynch and 
Cross, 1991] , (5) (Fortuin, 1988] , (6) (Maskell, 1991) , (7) (Azzonc ct al. , 1991 ) ,  (8) [Goold, 
1991] , (9) (Lea and Parker, 1989] , ( 10) [Goold and Quinn, 1990] 
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Figure 2 . 2 :  General Motor's Integrated Performance Measurement Model 
"integrated" performance measurement system is that it should ensure that GM 
employees retain their focuses on continuous improvement through teamwork in the 
key business activities. 
Sink and Tuttle (Sink and Tuttle, 1989] conducted a thorough review of the 
literature as of 1989 and identified seven criteria for measuring an organization. 
Their framework is grounded in a supplier-input-process-output-customer-outcome 
model. The seven criteria are: efficiency (inputs), effectiveness (outcomes), produc­
tivity (outputs/inputs), profitability/budgetability, quality (anywhere in the process 
model), innovation and quality of worklife. The Energy Information Administra­
tion (EIA) adopted this framework and used it to develop their performance mea­
sures (Kirkendall, 1996] . 
A Performance Improvement Measurement Methodology (PIMM) ((PIMM), 199 4] 
was developed for the application in a research and development environment. There 
are four aspects in the PIMM as follows. 
• Achievement measurement that applies to any organizational element. 
• Key indicators that apply to institutional elements. 
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• Risk reduction measurement. 
• Cost evaluation. 
The Performance-Based Management Special Interest Group (PBM SIG)developed 
an integrated approach to. performance,.based management that is .defined as "a sys­
tematic approach to performance improvement through an ongoing process of estab­
lishing strategic performance objectives; measuring performance; collecting, analyz:­
ing, reviewing, and reporting performance data; and using that data to drive perfor­
mance improvement" [(PBM-SIG), 200 1] . The concept is illustrated in Figure 2 . 3 .  
Neely [Neely et al., 1997] proposed the framework - the performance measure 
record sheet - which seeks to specify what a "good" performance measure consti­
tutes. The framework ensures that the measures are clearly defined and based on 
an explicitly defined formula and source of data . The framework consists of ten 
•• • • • • • • • • • • • • • • • • • • • • • • • • • • •  u •• , • • 
Customers and 
Stakeholders Input 
� : 
. . . . . . . . . . . . . .. . . . . . . . . . . . .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i Man:�o:!:;:ilie
s !'II . .  , ... . . . . . . . , . . . .  . 
. . . . . . . .  , . . . . . . . . . . .  . 
Customer Driven 
Strategic Planning 
...... 
Mulll-Year Goal Setting 
and Resource Planning 
...... 
Annual Performance 
Planning 
...... 
Resource 
Allocation 
• Mission Is clear l!nd energizes 
tlfTl>loyaea 
• Streteglc goals and objecti"85 
have focu1 and ere rtratching 
• Owne"' are identified for goals 
and objllctJves 
• Stralegles are developed and 
rasource,i aJIOCIMd 
• Cuscome, needs are 
a<ldr-
• Outputs and outcomee are 
del'med {logic models or olher 
toolaare used) 
procetlS<ts are uoed 
Measures and 
Goals 
• Management cutun is 
� 
• Mea1urn cascade and 
align ttvoog, tti. 
organlz.etlon 
• Perlormanoe levels are 
refl&clive of ret10ur<:11S 
Congre&siooal Priorities-j 
and Oed$ions : · . . . . . . .. . . .. . . .. . .... . . . . . . . . . . . . . · 
Establishing 
Accounteb.Uty for 
Performance 
Measuring 
Performance (Data 
Con!IClion and 
Reporting) 
• Rlliiabillty, timelinHs, 
accuracy. rapid access, 
and confioonlial�y 11ra 
addressed 
An11tyzil1g and 
R�iewing 
Performance Date 
Pertonnance 
Repor1ing to 
Customers end 
S1akeholdel'1' 
Evaluating and 
Utilizing 
Performance 
Information 
• Activity/process owners 
use performance 
Information for 
conunuous 
improvement 
• Benctimarting and 
comparative analysis 
with beat m c�1gs are 
done 
• Management feedback 
ts prov� for updating 
goala and measures 
• Performance 
informalkm iS used to 
identity opportunilles for 
reenglneering end 
aMocstion of resources 
Figure 2 . 3 :  Performance Measurement Process Model 
2 2  
elements: title, purpose, relates to, target, formula, frequenc;y, who measures, source 
of data, who acts on the data, what do they do, notes and comments. 
Kaplan and Norton [Kaplan and Norton, 1996] have introduced four new man­
agement processes that are. considered to contribute towards linking long-term strate­
gic objectives with short-term actions. The four processes are illustrated in Figure 2. 4 .  
Several authors have proposed the guidelines of how to implement performance 
measurement system in an organization. Blenkinsop and Davis [Blenkinsop and 
Davis, 199 1] state that one has to consider all of the following when designing a 
performance measurement system. 
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Figure 2 . 4 :  Managing Strategy: Four Perspectives 
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• Departmental goal-setting without creating inconsistencies in policy or ex­
. cessive interdepartmental conflict. 
• Whether the measure is a valid indicator of the performance of the group. 
• An appropriate mix of integration and differentiation (i.e. goals set both 
horizontally and vertically within the ·framework of the organizational 
chart). 
• A thorough understanding of the existing measurement systems, both for­
mal and informal, spoken and unspoken, as they are perceived. 
• Management consensus concerning the organization's objectives and the 
means at its disposal for attaining them; 
• The corporate culture. 
• Long-, short- and medium-term goals (both financial and non-financial), 
not a fixation with "this month's" sales figure. 
• Part-ownership of problems - so that a solution has to be found across 
functional boundaries and the escape route, "it's somebody else's fault" 
( often the ethereal "company's" fault), no longer has any meaning or val­
idation. 
• Total commitment from all involved, so that the "end-of-the-month" syn­
drome - a system driven by sales value - does not rear its ugly head at 
the end of the first month following implementation and each and every 
subsequent month thereafter. 
Wisner and Fawcett [Wisner and Fawcett, 199 1 ]  proposed the following nine-step 
"process" for developing a performance measurement system. 
1 .  Clearly define the firm's mission statement. 
2 .  Identify the firm's strategic objectives using the mission statement as a 
guide (profitability, market share, quality, cost, flexibility, dependability, 
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and innovation). 
3. Develop an understanding of each functional area's role in achieving the 
various strategic objectives. 
4. For each functional area·, develop global performance measures capable of 
defining the firm's overall competitive position to top management. 
5. Communicate strategic objectives and performance goal to lower levels in 
the organization. Establish more specific performance criteria at each level. 
6. Assure consistency with strategic objectives among the performance crite­
ria used at each level. 
7. Assure the compatibility of performance measures used in all functional 
areas. 
8. Use the performance measurement system to identify competitive position, 
locate problem areas, assist the firm in updating strategic objectives and 
making tactical decisions to achieve these objectives, and supply feedback 
after the decisions are implemented. 
9. Periodically re-evaluate the appropriateness of the established performance 
measurement system in view of the current competitive environment. 
Yet another perspective was adopted by Crawford and Cox [Crawford and Cox, 
1990]. They suggests that instead of trying to link measures to the manufacturing 
strategy, the organizations culture or the product life cycle, one should seek to in­
tegrate the measures and the manufacturing system. They therefore conducted a 
series of case studies and suggest that the following guidelines can be used to design 
a performance measurement system suitable for a just-in-time (JIT) manufacturing 
environment: 
• Performance-to-schedule criteria must evaluate group, not individual, work. 
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• Specific numeric standards, or goals, should be ·established for the performance­
to-schedule criteria and these goals should be revised once they have been 
met. 
• Specific numeric standards are not required for inventory and quality cri­
teria; improving trends are· needed. 
• Performance criteria should be measured in ways that are easily under­
stood by those whose performance is being evaluated. 
• Performance data should be collected, where possible, by those whose per-
formance is being evaluated. 
• Graphs should be the primary method of reporting performance data. 
• Performance data should be available for constant review. 
• Schedule performance should be reported daily or weekly. 
• A monthly reporting cycle for inventory performance and quality perfor­
mance is sufficient. 
• The reporting system should not replace frequently held performance re­
view meetings. 
Following the literature review of the previous work, Kutocuoglu et al. [Kutu­
cuoglu et al., 200 1] summarized that an effective performance measurement system 
should include the following features: 
• Recognize different performance hierarchies. 
• Present a balanced view of the system being measured. 
• Recognize multiple dimensions of performance measures. 
• Relate the measures to the relevant- goals. 
• Link performance measures to strategy. 
• Involve employees to ensure that it gets their �upport. 
• Include subjective measures as well as objective measures. 
• Address cross-functional issues. 
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2.2 Performance Measurement for Maintenance 
Maintenance function is a very unique process yet highly related to other func­
tional areas. "It is apparent that' maintenance has many interfaces with other func­
tions." [Kutucuoglu et al. ,  200 1] Production and managem�nt can both be considered 
as the customers of maintenance function and they all serve for �atisfying the needs of 
the customers of the entire organization. In most cases, machines and equipment are 
designed and supplied by an outside organization. With so many customers both in­
ternally and externally, the objectives of the maintenance performance measurement 
have to address the issues of cross-functions. 
Several researchers have conducted surveys for the performance measurement 
for maintenance [Kutucuoglu et al. ,  200 1]. Groote [Groote, 1 995] proposed a main­
tenance performance evaluation approach based on quality audit and quantifiable 
maintenance performance indicators. He argued that the indicators must be defined 
in relative values, i.e. , through ratios because the efficiency of maintenance is hard 
to appreciate in absolute value. He further developed two categories of ratios under 
which the performance indicators can be presented: 
1 .  Economic ratios, which allow the follow-up of the evolution of internal 
results and certain comparisons between maintenance services of similar 
plants. 
2 .  Technical ratio�, which give the maintenance manager the means of fol­
lowing the technical_ performance of the installations. 
Total Productive Maintenance (TPM) [Nakajima, 1988) provides a measure 
. named Overall Equipment Effectiveness (OEE) as the function of equipment avail­
ability, production rate and quality rate, which starts to address the problem in 
maintenance with the consideration of factors other than equipment themselves. 
A group of Japanese professionals further discussed how to measure the TPM 
effectiveness in process industries [Suzuki, 199 4] .  They proposed their philosophy of 
selecting indicators: Indicators must clearly show �he results of activities; Indicators 
must evaluate TPM efforts fairly; and Indicators must reveal improvement priorities. 
TPM effectiveness indicators are classified into seven types in their study: manage­
ment; plant effectiveness; quality; energy-saving; maintenance; health, safety, and 
environment; and finally training and morale. 
Campbell [Campell, 1995] classifies the commonly-used performance measures 
into three categories based on the basis of their focuses: 
1 .  Measures of equipment performance - e.g. availability, reliability, overall 
equipment effectiveness. 
2 .  Measures of cost performance - e.g. operation and maintenance ( 0 & M) 
labor and material costs.-
3 .  Measures of process performance - e.g. ratio of planned and unplanned 
work, schedule compliance. 
Kutoguolo [Kutucuoglu et al., 200 1] provided a balanced. view of the maintenance 
system and classified the performance measures into five categories: 
1 .  Equipment related performance. 
2 .  Task related performance. 
3 .  Cost related performance. 
4 .  Immediate customer impact related performance. 
5 .  Learning and growth related p·erformance. 
He further proposed that , based- on the principles -of ap. effec.tive performance 
measurement system, · the key design features of a maintenance performance mea­
surement system should include: 
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• Appropriateness of the performance indicators in relation to the strategic 
objectives of an organization. 
• Vertical alignme�t of performance indicators to translate the strategic ob-
jectives into 1�fferent levels of hierarchy. 
• Balanced view of the maintenance system. 
• Integration of objective and subjective measures. 
• Employee involvement. 
• Cross-functional structure. 
Dwight [Dwight, 199 4] proposed a classification of performance indicators ac­
cording to the impacts of maintenance on the business system. The classification is 
summarized in Table 2. 4.  
Table 2 . 4 :  Levels of Performance Measures 
Level . Assumptions Overt bottom-Line impact Impact of maintenance actions on down-time, quality, yield and future maintenance costs ar neg­ligible. Causes of maintenance costs arise and are controllable within the accounting period. 
Profit-loss and overt cost Impact of maintenance actions on quality, yield impact performance and future maintenance costs are negligible. Causes of maintenance costs and downtime arise and are controllable within the accounting period. 
Instantaneous effectiveness Causes of maintenance impacts on the business measures arise and are controllable within the accounting period. 
System audit approach System excellence implies the best possible perfor­mance strategies and current techniques are effec­tive. 
Time-related performance Projections for future demand and obsolescence measurement are accurate. 
As an essential support function for the organization, maintenance is stated to 
be analyzed as a function of four variables, as stated by D'Yight. 
• The cost of the action. 
• The effect of disruption caused by the required maintenance actions. 
• The effect of equipment · performance between maintenance actions. 
• The ability of the action to affect the life of the asset. 
Terry Wireman [Wireman, 1998] presented a set of comprehensive indicators 
in a five-tier hierarchy: corporate, financial, efficiency and effectiveness, tactical, 
and functional, which is shown in Table 2 .5 .  The model presented by Wireman 
includes over 100 indicators that cover every perspective of maintenance function. 
Stevens [Campbell and Jardine, 200 1 ]  subdivided the maintenance performance mea­
surement into five main components: productivity, organization, work efficiency, cost, 
and quality, together with some overall measurements of departmental results. In 
his book, Coetzee [Coetzee, 1997] defines maintenance as an activity that aims to 
optimize the availability and reliability of production equipment and maintain its 
operability at an acceptable cost level. He has also proposed an approach center­
ing on the four pillars of results, productivity, operational purposefulness, and cost 
justifications. 
Mather [Mather, 200 4 ] proposed the Maintenance Scorecard (MSC) method and 
it is "a comprehensive approach used to develop and implement strategy in the area 
of asset management. It also serves to identify strategic improvement initiatives, 
along with the ar�as tha.t . they are focused o�, early . in ��e process" . He states 
that the implementation of MSC needs to be flexible and inclusive and it should be 
. . . •' . . . . 
. . applied to organizational �evel, depa��mental level, specific project level and equip-
ment level. 'rh� .framewo!k of the MSC is illu�trate.d i� .Fjgure 2 .5 .  In his work, 
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Table 2.5: Wireman's 5..:Tier Maintenance Measurement Model 
Categories Corporate Indicators 
Financial Indicators 
Efficiency and Effec­tiveness Performance Indicators 
Tactical Performance Indicators 
Function Performance Indicators 
Descriptions Indicators Long-term strategic indicators that up- 4 per management utilizes for business planning. Indicators that insure that the depart- 8 ments in a company are meeting finan-cial goals set in the strategic plan. These indicators examine the efficiency 27 and effectiveness of the tactical func-tions within maintenance. They can in-sure that the tactical performance. indi-cators stay in line to support the annual financial performance indicators. The tactical performance indicators fo- 19 cus on the individual processes within the maintenance function. These indicators show how well one of 4 5  the eleven maintenance-specific func-tions is performing: • Preventive Maintenance • Inventory and Procurement • Work Order System • CMMS • Technical and Interpersonal Training • Predictive Maintenance • Operational Involvement • Reliability-Centered Maintenance • Total Productive Maintenance • Statistical Financial Optimization • Continuous Improvement 
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the unit costs of the asset 
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Figure 2 . 5: The Maintenance Scorecard Model 
Mather classified the common performance indicators of maintenance into five cat­
egories: planning and scheduling, maintenance regime effectiveness, maintenance 
costs , equipment performance and workforce performance. 
2 .3  Quantitative Model for Performance Measure-
ment 
There are several techniques for performance measurement and a combination of 
these techniques can normally be applied for measuring the asset performance. The 
followings are brief descriptions for each technique. 
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2 .3 . 1  Value-Based Performance M�asures 
Dwight [Dwight, 1994] proposed a performance measure that takes into account the 
impact of maintenance activities on_ the future value of the organization: 
Vr - Vz Performance = 
V. 
* 
r 
(2 . 1 ) 
where, 
Vr = The value realized in the period, which is equivalent to CF(t - 1 ,  t) , 
the cash-flow during the interval (t - 1 ,  t) . 
Vz - The future value lost compared with the known best value. 
�* The estimated best attainable sum of future real cash flow, or 
"residual value" in the �ystem at time t .  
An alternative definition of performance, which deals with the "residual value" 
in the system, is 
where, 
CF(t - 1 ,  t) 
V* (t) 
V* (t - 1 )  
P c _ CF ( t - 1 ,  t) + V* ( t) er1ormance -
V*(t _ l) 
The cash-flow during the interval (t - 1 ,  t) . 
(2 .2) 
The estimated best attainable sum of future real cash 
·flow, or "residual value" in the system at time t . 
- The estimated best attainable sum of future real cash 
flow, or "residual value" in the system at time (t - 1 ). 
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Dwight [Dwight, 199 5] also proposed an approach to collect data for determine 
the above performance. The conceptual model proposed is known as "Incident Eval­
uation Approach" , which determines the expected value of an action policy by the 
expression 
N Expected Residual Value = L(p(Ci)C!i)IA (2.3) 
i=l 
where, 
p( Ci) = The probability of occurrence of incident Ci as a function of time. 
CFi = The expected cash flow as a result of Ci occurring at its expected 
time. 
A = Action set. 
The approach discussed above focuses on the monetary impact of any action 
policy on the financial performance. It adopts financial measures as major indicators 
for the performance measurement with the consideration of the linkage between 
financial performance and operational performance. However , this is a laborious 
procedure that will have to be more comprehensive and complex if other dimensions 
are to be involved such as customer expectation. 
2 .3 .2  Mean Maintenance Lead Time 
Analogous to concepts in Lean the concept of Mean Maintenance Lead Time (MMLT) 
is being suggested for maintenance measurement [Li and Sawhney, 200 5] .  MMLT is 
defined as "the time between recognizing the need for maintenance on a particular 
piece of equipment to . the actual performance of such maintenance and the subse­
quent production of good product". MMLT takes the maintenance activities into 
account from an operational level. Unlike the existing indicators for measuring the 
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maintenance performance, it does not examine the impact of poor or lack of main­
tenance strategy on the manufacturing front, instead it acts as a powerful tool to 
measure the maintenance activities themselves. This concept can be utilized to mea­
sure the performance of the maintenance according to which the mean lead-time is 
given by the equation: 
MM LT = M MTO + M MTR + MTT R (2 .4) 
where, 
MTTO = Mean time to organize (Time required to coordinate tasks to initiate 
the maintenance repairs) 
MTTR 
MTTY 
Mean time to repair (Time required to repair and maintain equip­
ment) 
Mean time to yield (Time required to yield a good part after main-
tenance)-
MTTO can be further simplified and represented by the equation below: 
MTTO = MTTI + MTTC + MTTA + MTTD + MTTL + MTTS .(2 .5) 
where, 
MTT I - Mean time to identify (Identification of failure or maintenance re­
quirements) 
MTTC 
MTTA 
MTTD 
MTTL 
MTTS 
= Mean time to communicate ( Communicate maintenance require­
ments) 
= Mean time to assess (Assessment to identify source of the problem) 
Mean time to determine (Determine correct parts and tools) 
- Mean time to locate (Locate and/or order the required parts or 
equipments) 
= Mean time to schedule (Schedule maintenance for the identified 
equipments) 
35 
2.4 Practical Strategies to Implement Performance 
Measurement System 
2 .4 . 1  Internal Assessment 
. . 
The internal assessment, or self-assessment is a systematic and regular view of an 
organization's activities and results against a model of excellence. It offers organiza­
tions the opportunities to learn about its strengths and areas for improvements. The 
internal assessments for maintenance function are generally less expensive and the 
major purpose is to evaluate how well the maintenance activities are performed based 
on the predetermined mission statement. The set of parameters are drawn from dif­
ferent departments within an organization and focus more on the performance of 
maintenance from a functional level. 
Internal assessment is a continuous process, which requires accurate understand­
ing of the metrics and precise implementation to the practice. The measures identi­
fied are normally existing in the historical data and accepted by the whole organiza­
tion. 
2 .4 .2  External Evaluation 
External evaluation normally involving the review and verifications of the perfor­
mance of maintenance function by an independent individual or party. This individ­
ual or party should have expertise in conducting an -effective performance assessment 
for the maintenance functi�n and, more importantly, providing insight for the any 
decision related to the maintenance function. 
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2 .4 .3  Benchmark Best Practice 
Benchmark is a process to discover the strength and weakness of a company by com­
paring certain variables with the best performance or the strongest competitors in 
the industry. It is a continuous process th�t help the company identify the poten­
tial opportunities for the improvement. It is important to for �n organization to 
determine what it is trying to achieve before the benchmark process is initiated and, 
therefore, an self-assessment is preferred as a prerequisite .. 
Wireman [Wireman, 200 4] discusses the procedure to conduct a benchmark 
analysis and addressed the following imI?ortant issues: 
• One of the most imp(?rtant issues _ is to find legitim�te partners. The part-
ners determined should be superior in the areas one organization wants to 
improve with. 
• Achieving accurate comparisons requires both data and a dear understand­
ing of the process and parameters that are being JI1easured. Therefore; it 
is important to identify the variables that enable the companies to be mea­
sured accurately. 
• Considering the hidden factors that enable a company to achieve superior 
numbers in benchmarking, which are not normally discernable without 
scrutiny yet critical for a company to recognize the improvement and sus­
tain the change. 
2 .4 .4 System Audit 
An organization's maintenance capability can be inferred from an audit of its main­
tenance system. The · audit is a through review of the entire business system in 
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multiple dimensions. Several authors have discussed about the contribution of sys­
tem audit approach to the business management [Dwight, 1994, Parsons and Smeler, 
19 56, Quinn and Rohrbaugh, 1983 ,  Rense�, ) .  Groote [Groote, 199 5) proposes an 
approach of management monitoring chart with the principle objectives as follows: 
• Serve as an alarm bell or flashing light if something goes wrong in main­
tenance practice; 
• Allow systematic comparisons with preceding results and so establish the 
evolution of parameters and deduce the trends; 
• Judge the performance of different maintenance services, as far as it is 
possible within the limits of the ratios. 
The alignment between strategy, actions and performance measures, a basic prin­
ciple in the design of performance measurement system, can be audited using the 
Performance Management Questionnaire (PMQ) developed_ by Dixon et al. [Dixon 
et al., 1990) .  
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Chapter 3 
Asset Maintenance Evaluation 
System (AMES) 
As discussed in the previous chapters, the performance of asset maintenance function 
has been estimated in practice primarily by financial indicators such as maintenance 
cost and facility cost. The maintenance of physical assets is usually considered as 
a subordinate section of the major production system and its significance has not 
been addressed as an independent sub-system that is vital to overall production 
performance. Moreover, organizations are unwilling to invest additional resources 
to collect data, develop procedure and conduct analysis for asset management as­
sessment. However, with the increasing demand of enhancing asset productivity, 
a measurement model is needed to evaluate the performance of asset maintenance 
and provide insights for improvement strategy. The model should focus on provid­
ing a practical tool to discover strengths and weaknesses of asset maintenance with 
comprehensive coverage and minimum resources. 
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3.1 Measurement Requirements for Evaluating As­
set Maintenance 
In order to develop an effective performance measurement system, it is vital to fully 
understand the general processesof maintenance activities. Asset maintenance has 
long been thought of as a subsidiary function supporting main manufacturing system 
when the primary job of the maintenance department was to repair machines when 
they broke down. With the advancement of technologies and the advent of the 
enormous variety of means of improvements, however, the world of maintenance 
is "expanding" very rapidly. The scope of asset maintenance has been substantially 
broadened to include "every stage in the life cycle of plant, machinery, equipment and 
facilities: specification, acquisition, planning, operations, performance evaluation, 
improvement, replacement, and disposal." [Murray et al. , 1996) This transition leads 
to much higher requirements for asset maintenance management on optimizing the 
productivity of physical assets and minimizing resources required. 
The management of physical assets rely on the characteristics of the manufac­
turing processes, complexness of equipments and the organizational culture. For 
example, the manufacturing processes for plastic production has higher requirement 
on maintenance than assembly production because of its machinery-extensive envi­
ronment. Table 3 . 1  * provides a brief comparison of facility maintenance-related costs 
for various types of industries. 
Furthermore, even though advanced equipments enhance the capabilities of man­
ufacturing processes to meet customer's demands, higher requirements on maintain­
ing and repairing as the failures of such equipment have significant impacts on the 
*This table is obtained from IFMA (International Facility Management Association) Benchmarks 
IV Research Report #25. IFMA is the largest and most widely recognized professional association 
for facility management . It has continued to conduct benchmarking surveys to capture comparative 
data on facility description, facility costs, space standards and practices. 
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Table 3 . 1 :  Comparison of Maintenance-Related Costs 
Industry N Cl C2 
Aircraft /Ind us trial 10 $ 5. 77 $ 4 . 1 2  Motor Vehicles 4 $8.8 5 $ 5. 36 Chemical 6 $ 5. 2 5 $ 5. 8 1  Consumer Products 8 $ 5. 49 $ 4 . 58 Computer Hardware/Software 1 3  $ 5.68 $8. 2 6 Electronics 1 3  $ 5. 58 $ 5. 3 4 Energy 6 $ 5. 1 1 $ 3 . 2 6 Medical Equipment 6 $6. 3 7 $ 5.66 Other Manufacturing 6 $ 5.8 5 $ 4 . 3 7 
N - Number of participating companies. 
Cl - Cost of operations: This cost includes maintenance, housekeeping and utilities cost. 
C2 - Cost of providing the fixed asset : This cost is the sum.of all annual business capital 
costs and charges not related directly to the facility's operation. 
C3 - Total annual facility cost: Sum of all the costs related to asset management . 
C3 
$ 1 8. 39 $ 19. 76 $20.63 $ 16. 1 2  $ 1 7. 2 2 $ 19.60 $ 1 3 .87  $2 2 .0 1  $ 1 3 . 2 8 
overall system. This problem has become even more critical in today's competi­
tive manufacturing scenario where organizations are all striving for applying new 
technologies and management techniques to improve their own performances. One 
example is that machine breakdowns in a manufacturing cell will cause more loss 
than parallel production system. 
The development of the measurement strategy for asset maintenance ought to 
be based on the overall business strategy and be independent yet cooperated with 
other organizational plans and management designs. As one of the basic components 
of an effective maintenance operations, the maintenance performance measurement 
model should meet the following requirements. 
1 .  Align with overall business objectives 
2 .  Provide a mean of communication for the entire organization 
3 .  Easy and simple to use 
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4 .  Achieve the balance of cost and effectiveness 
5. Enhance the performance improvement 
6. Ensure the employee involvement 
7. Identify multiple dimensions of performance measures 
8 .  Present a balanced view of the system being measured 
9. Utilize quantifiable measures. 
The following context will briefly discuss each of the above requirements in terms 
of the applicability and necessity. 
Align with Overall Business Objectives 
In order to compete in today's manufacturing environment, each organization has 
to develop a corporate strategy that articulates the overall direction of business and 
provides a guideline for the entire organization. As an important supporting function, 
the maintenance aims at enhancing the production performance by sustaining the 
optimization of the equipment. Therefore, the strategy of maintenance measurement 
cannot be isolated from what need to be achieved in a corporate level. The financial 
indicators, for example, should be a subcomponent of the entire financial planning 
and accounting. 
Provide a Mean of Communication for the Entire Organization 
Communication is critical to the success of promoting and sustaining change for an 
organization that is pursuing excellence. One of the primary advantages of a perfor­
mance measurement system is to provide a platform where the organization's expec­
tations could be communicated with all the individuals. The proposed measurement 
model for maintenance performance, similarly, implement the understanding and ex­
ecution of the formulated maintenance philosophy or mission statement through the 
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entire system by providing visibility of maintenance strategies to all employees. The 
organization could also adopt a combination of the following along with a perfor­
mance measurement system: plant wide meeting, operational meetings, organization 
wide newsletters, e-mails, web page, and display boards. 
Easy and Simple to Use 
In order for a measurement model to monitor and control the performance of mainte­
nance, it should be easy to collect data and simple to conduct the analysis. Practice 
indicates that one of the major barrier of measuring maintenance activities properly 
is the difficulties of collecting data. The main reasons can be summarized as follows: 
• There exist ambiguity for certain definitions regarding the maintenance 
management . 
• There exist a huge amount of variation in the maintenance function, which 
makes it senseless to make the analysis for certain indicators. 
• The measurement methods are not standardized and the accuracy of the 
data cannot be insured. 
• The issues of time and cost make it impossible to collect certain data. 
Achieve the Balance of Cost and Effectiveness 
As we discussed earlier, a few financial indicators are not sufficient to discover the 
problems in the operational level and the root caused for these problem areas. How­
ever, a great amount of resources are needed for data acquisition of the measurement 
model for maintenance performance. These resources include time, cost, workforce 
and tools. Therefore, it is not realistic to measure the data for all the indicators 
as discussed in Chapter 2. Based on the requirements and capability of an organi­
zation, the indicators should be selected in such a way that the effectiveness of the 
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measurement model can be maximized with the availability of the resources for the 
maintenance function. 
Enhance the Performance Improvement 
While each organization is pursuing any possible change for achieving the operational 
excellence, measurement plays a critical role in the improvement of performance. As 
we can see in Figure 3 . 1 ,  performance measurement and results feedback are essential 
elements in the performance-improvement loop. The 4 M  model needs to be developed 
to monitor the change of the system and identify any potential problem that may 
occur during the change. 
Ensure the Employee Involvement 
Any change or transformation will have to be performed by employees. In many cases, 
the employees have better understanding and valuable opinions on the production 
process, which is the foundation of any measurement or improvement to be successful. 
Employment involvement is seeking the views of employees (as individuals or through 
representative bodies) before decisions are taken and taking them into account when 
reaching a decision. 
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Figure 3 . 1 :  Performance Improvement Loop 
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Execute 
Tactics 
Identify Multiple Dimensions of Performance Measures 
It has been accepted in both theoretical research and industrial practice that the 
measurement is a multiple-dimensional system that may be divided in different cat­
egories at different levels. While there are several different proposals in literature, it 
is proposed in this study that the maintenance performance measurement system is 
divided into the following four levels. 
• Overall equipment performance 
• Maintenance effectiveness 
• Maintenance efficiency 
• Supportive functions for maintenance 
Present a Balanced View of the System being Measured 
The indicators of each category focus only on their specific areas. As we know, the 
entire system is an integration of different functional areas that serve the overall 
business objectives. No single measures can provide a clear performance picture 
or focus attention on the critical areas of the business. Yet simply applying all 
the indicators will make the measurement to tedious and impossible to complete 
or sustain. A balanced representation of all necessary measures is needed for this 
purpose. 
Utilize Quantifiable Measures 
In order for an organization to benchmark their performance with competitors or 
monitor the improvement through internal assessment, quantified measures are pre­
ferred. That is also to say that one should pay attention to the consistent collection 
of data that is clear through the entire organization. 
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3.2 Asset Maintenance Evaluation System 
3 .2 . 1  General Guideline for Developing Performance Mea­
surement System 
Before the performance measurement system is used, Oakland [Oakland, 1 993 ]  pro­
posed that four basic questions should be ans�ered: Why measure? What to mea­
sure? Where to measure? and how to measure? Based on his work, a set of six 
questions is attempted to be answered during the stage of designing an assessment 
model to align the performance measurement with the overall business strategy. 
Question 1 :  Why Is Measurement Required? According to Deming [Deming, 
1994 ] ,  any system is "network of interdepdendent components that work together to 
try to accomplish the aim of a system. A system must have an aim. Without an 
aim, there is no system." An appropriate measurement system is required to ensure 
the activities of each entity are being done in compliance with the plan so that the 
predefined aim could be met. The measurement system also serves a communicating 
mechanism that aligns individual performance with the overall business objectives. 
A measurement system without specific purposes often turns into a simple collection 
of data including information that is either unnecessary or irrelevant, which will 
result in great wastes of resources. 
To develop a performance measurement system that works, it is important to 
have an explicitly stated process to determine the measurement objectives through 
the following tasks: 
• Identifying the value that the organization provides to customers 
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• Identifying critical metrics in strategic level that enhances the creation of 
such value 
• Decomposing the identified metrics into both financial and operational 
measures 
Question 2: What Should Be Measured? In order to provide accurate infor­
mation on performance, appropriate measures must be selected or designed. General 
principles of measures selection have been discussed in the literature review. In 
practice, however, there are no simple rules for making decisions on what measures 
should be used. The management has to select the applicable measures based on 
their understanding of the processes and the predetermined objectives of measure­
ment strategies. Once it has been decided what measures are to be included, they 
may be converted into indicators such as ratios, scales, rankings, financial and time­
based indices. 
Question 3 :  How Should It Be Measured? The effectiveness of a measure­
ment system will be deteriorated by the operational errors and misunderstanding of 
the inspectors. The existence of measurement variation will also impair the accu­
racy of results. In order to achieve the effectiveness of a performance measurement 
system, three components need to be examined: human, technical, and business 
components [Oakland, 1 993] .  The keys to reduce the impact of human component 
are that, whenever measures are used, they must be understood and accepted by all 
the people being measured and concerned and designed to offer minimal opportunity 
for manipulation. Technically, the measures must be the ones that truly represent 
the controllable aspects of the processes. The business component requires that all 
the measures are objective, timely, result-oriented, and above all they must mean 
something to those working in and around the process. 
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Question 4: When Should It Be Measured? The data required for a perfor­
mance measurement system are expected to be collected on a regular base so that 
the system could be monitored and controlled and improvements could be recognized 
in a timely manner. The frequency of the measurement will be determined by the 
management according to the short-term and long-term goals of the evaluation. As 
a result, there may be different reporting frequency for the indicators in different lev­
els. For example, The corporative level measures such as financial indicators are to 
be reported monthly or even quarterly based on the financial policy and accounting 
system. On the other hand, the operational level measures need to be investigated 
more frequently to ensure corrective actions can be taken promptly . .  
Question 5 :  Who Should Measure It? As performance measurement system 
has become increasingly crucial to ensure the organizational health and competi­
tiveness, there is a need to assign specific individual or team responsible for the 
performance measurement process. This individual or team should directly report 
to or have access to top management to facilitate the prompt response of corrective 
actions upon occurrence of problematic issues. It is also important to assign specific 
responsibilities at departmental and operational level because the information needs 
to be collected from different functional areas. 
Question 6: Where Should The Result Be Used? The purpose of a perfor­
mance measurement system is to help one learn about how the organization performs 
in areas of importance or interests. Once the data has been collected in accor­
dance with the measurement plan, the information needs to be analyzed to ascertain 
whether the objectives have been met and if not, why not. This will enable the 
management to be alerted to existing and potential problems and take necessary 
corrective action or improvement to get the process "back on track" . Another major 
issue during this phase is to effectively communicate the results of the measurement 
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system. On a formal level, the results should be reported to executive level and they 
should also be used internally to guide the organization's operational. performance. 
For eac� question. there is a solution, which form the structure of this chapter. 
: . . . . The maintenance strategy _should_ be develop�d before any other action is taken. Thi� strategy �ill be i�tegrateµ �ith the overall business and s_erve as a guideline for the 
development of the m�asurement system. The desired indicators are then selected 
based on their capability of reflecting the maintenance strategy. The irrelevant mea­
sures are removed even though some of them appears to be important. After the 
measurement indicators are ready, it should be determined how to implement the 
measurement system and, more specifically, how and when the indicators should be 
measured and who should be responsible for the measurement. The analysis of data 
is then conducted for identifying the weakness and the opportunities for potential 
improvements. 
3 . 2 . 2  Develop Asset Maintenance Evaluation System 
In order to translate the requirements for measuring asset maintenance to a tool pack­
age that could be used in practice, a systematic process is required to decode a variety 
of system input and ensure the accountibility for assessment results. Figure 3 . 2 il­
lustrates the proposed methodology to achieve the above task. Four major phases, 
listed as following, are required to covert the purposes of assessment into improve­
ment actions. 
• Develop maintenance assessment strategy 
• Design asset maintenance evaluation system 
• Implement asset maintenance evaluation system 
• Analyze assessment results and provide business recommendations 
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Figure 3 . 2 :  Overview of Asset Maintenance Evaluation System 
These sequential tasks comprise an action circle that drives the improvement of 
asset maintenance performance. It should be noted that, from strategic perspective, 
the proceeding of these phases are not limited to only one circle, but an iterative 
process of continuous improvement. For example, the results obtained from the 
assessment could be used to determine whether the expectations of maintenance 
function have been achieved, which may raise the needs of modifying maintenance 
strategies because the scope has been changed or higher requirements are proposed. 
The following secitons provide detailed descriptions for each phase. 
3 .3  Develop Strategy for Asset Maintenance Eval­
uation 
Figure 3 . 3 provides a framework to develop strategy for asset maintenance evalua­
tion. The setting of goals of maintenance measurement depends on the extent to 
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AMES Module 1 :  Develop Maintenance Assessment Strategy 
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Figure 3 . 3 :  AMES Module 1 - Develop Maintenance Assessment Strategy 
which the organization would get maintenance involved in the overall business strat­
egy. Even though it is ambiguous how and on what level the maintenance strategy 
should be designed, the importance of maintenance has been accepted widely by the 
industry. The major purpose of any measurement system is to drive the performance 
toward the desired direction and hence the management needs to bear a clear idea 
on the future state of the maintenance function. Practice has indicated that the 
evaluation of the maintenance primarily addresses four issues regardless of how they 
are presented. 
The first question is how well the maintenance stand in general. This information 
provides a quick glance on the maintenance performance and is normally required 
by the top management who needs overall indices as reference for their higher level 
business decisions. This brief is also a reflect of whether the desired goals have 
been achieved. The second question is whether right decisions have been made and 
things have been planned and proceeded in order to achieve the desired goals for 
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maintenance function. This is particularly i,mport�n� for a_ con:ipany in the stage of 
initiating any change b�cause this is related to the funda�en_�al· infrastructure of the 
maintenance . function. The third question is whether the pl3:ns have been realized fast and economically. Different from the s�cond question, .which asks "if we are 
.. . . ' . doing the right things'.' , this question investigates "if �e . ate doing things · right" . 
The last question is weather sufficient resources are available and adequate support 
has been obtained for the maintenance function. The answers to this question can 
normally bring great short-term beneffts for the organization. 
. . Based on the attempt - to answer the _ above questions, the general maintenance 
strategy can be classified into four categories: overall maintenance performance, 
maintenance �ffectiveness,maintenance efficiency, and mai?,tenance support function. The overall maintenance performance represents the ultimate goals for the mainte­
nance management and these few indicators provide a quick review on how well the 
maintenance function performs. ·. Maintenance effectiveness_ is a more detailed version 
of the overall maintenance performance, which indicates how capable the mainte­
nance function is to achieve the desired goal as a critical supportive function to the 
production process. Few efforts have been applied to measure how efficient the de­
partment can perform the maintenance activities as the organization normally focus 
only on how well the maintenance can support manufacturing. However, there exist 
a great . number of opportunities for cost reduction and .productivity increase if the 
maintenance activities can be conducted in a more efficient manner. The support­
ive functions for maintenance contain the indicators for the areas that enhance an 
effective and efficient maintenance management. 
It can be noticed that the proposed hierarchy provides a systematic view of the 
maintenance function. The top level represents the desired target of the mainte­
nance function and it needs to be reviewed by the corporate management along with 
the measurement of the major production process for the adjustment of the overall 
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. . 
business objectives. The second.  and third level ·serve as the guideline for the main-
tenance fu�ction and in�icators of the· bot.tom level can be subgoals for the specific 
areas . This hierarchy als·o eriable the m�agement to analyze the root causes of any 
possible problem and identify _potenti"al im_prove�e�t for the . mai�te�ance function . 
This classificaticm may be · illustrated as shown. in F igure 3 . 4 .  
• • • ; ' , • '  I , • . , '  • • 
The detailed descriptions for the· hierarchy are summarized as follows : 
. . 
1. Overall maintenance performance : This level contains only the major in-
dicators for the maintenance function : overall equipment effectiveness and 
total maintenance cost. These indicators are used to align maintenance 
performance with the organizatio_nal management strategy. 
Overall equipment performance : Overall Equipment Effectiveness {OEE) , 
taking into account availability, production performance ,  and quality, 
Plant Pertormance 
F igure 3 . 4 :  Maintenance Measurement Strategy 
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is � commonly acc�pted indica�or to measure the current status of 
maintenance performance a:nd allow one t_o understand the effect of 
the various issues in the . manufacturing .process and how they affect 
,, . . . the. entire �aintenance function. 
Overall cost performance: Total cost spent �n planning maintenance 
schedule, performing maintenance tasks, and maintaining physical as­
sets. 
2. Maintenance Effectiveness: This category contains indicators that measure 
how effective the maintenance function is in ter�s of a�d equipment and 
other physical assets, enhancing production and keeping.cost in a satisfac­
tory level. This area can also be co�sidered as an expansion of the level of 
overall performance of maintenance. 
Equipment performance: How well pp.ysical assets perform in terms 
of their availability and mean time between failures. 
Production performance: The ability of physical assets to meet pro­
duction requirements. 
Cost performance: The breakdown of total cost of maintenance. 
3 .  Maintenance Efficiency: The indicators in this level are normally ignored in 
the maintenance management. Different from measuring the effectiveness, 
or "do the right thing" , maintenance efficiency are measuring whether the 
maintenance department is able to complete the work in a timely manner 
given the limited resources, or "do things right" . 
Time efficiency: How fast can maintenance tasks be performed such 
as mean time to repair {MMTR). 
Work order efficiency: How efficient is the work order system perform­
ing in terms of work order discipline, turnover, backlog and overdue. 
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Planning and · scheduling: Measures the effectiveness of the organiza­
tion and planning activities. 
Maintenance function: Measures the implementation and performance 
of maintenance strategies such as corrective maintenance, preventive 
maintenance and predictive maintenance. 
4 .  Supportive functions for maintenance: This category measures functional 
departments that enable the maintenance department to conduct their ac­
tivities. These departments form the infrastructures of maintenance func­
tion. 
Training: How well the training program is conducted to enhance 
the maintenance employee's skills and update the application of new 
technologies. 
Inventory management: Measures the ability of inventory manage­
ment to provide tools, parts or material to conduct maintenance tasks. 
Budget: Measures the expenditure planning for maintenance func­
tion, indicating the attitude of one organization on physical asset 
management. 
Health, Safety and Environmental: Measures how the maintenance 
perform in terms of health, safety and environmental issues. 
Maintenance organization: Measures how well the organizational struc­
ture is designed to enhance the planning, scheduling and implemen­
tation of maintenance activities. 
Computerized Maintenance Management System ( CMMS): Measures 
the current status of effectiveness of applications of intellectual tech­
nology in the maintenance function. 
Contractor management: How well is the management of contractors. 
Supplier management: How well is the management of suppliers to 
enhance the maintenance function. 
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The design of the maintenance measurement strategy provides a systematic 
thinking for auditing and managing the maintenance activities. It overcomes the 
pitfall of traditional measurement system in which indicators are used to record in­
formation of limited portion of maintenance function and quantify only what had 
happened without providing any insight on how to improve it. Not only does the hier­
archy presents the analytical results for each level, it also enables the decision makers 
to track the root causes of problems and identify the opportunities for improvement. 
One should investigate the overall maintenance performance of an organization. If 
the performance of maintenance effectiveness or efficiency is poor, one could check 
the supportive function to find out what should be improved in order to enhance 
maintenance effectiveness and efficiency and subsequently the overall maintenance 
performance of an organization. 
3.4 Design Asset Maintenance Assessment Model 
Once it has been agreed on the asset maintenance strategies, a set of actions need to 
be taken to translate the management objectives to measurement activities. Figure 3 . 5 
provides a overview of the required tasks. 
3 .4. 1 Applicability of Measures 
After the maintenance measurement strategy is determined and agreed, the next 
step is to select for each level of hierarchy the appropriate measures that are capable 
of providing precise and thorough information and practical for the implementation 
in both short and long run. As we discussed earlier, hundreds of indicators have 
been identified for measuring the physical asset maintenance function. Appendix A 
provides a list of all metrics identified in this study. Some of them have been applied 
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Figure 3 . 5: AMES Module 2 - Design Asset Maintenance Assessment Model 
widely in industry, but others are either theoretical or difficult to collect data and 
make the judgment. The purpose of this study is to develop a model that can be 
used to support decision-making in manufacturing organizations. One of the most 
important criteria for developing such model is whether the data collection would be 
simple and realistic. After we identify the comprehensive list of the current indicators 
for measuring maintenance activities, the problem then becomes "Are these measures 
commonly accepted in practice and are the data associated with these measures 
available?" From the standpoint of developing an asset maintenance measurement 
model for practical use, the measures should contain the following features. 
• The indicators are commonly used in practice or the concepts are accepted 
in industrywide. This ensures the knowledge infrastructure for a perfor­
mance measurement system to be designed and implemented successfully. 
• The data elements associated with each indicator are available or easy to 
collect. This is especially important when the sources that could be spent 
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are limited. 
• The indicators should be able to cover all the critical aspects of mainte­
nance to ensure the ability to capture all the information related to the 
physical asset maintenance function. 
• There is no redundancy for indicators. This ensures the optimization of 
resources usage given their limited availability. 
The surveys of familiarity and availability are designed to determine whether the 
measures could be utilized for the practical purposes. The contexts of the surveys 
are the data elements required to obtain the indicators. By familiarity we examine 
whether the concepts related to indicators are understood by the organizations, which 
will provide an insight on the gap between academia and industry. Availability refers 
to whether the data associated with indicators is available and, if not, how easy it is 
to collect such data. 
Survey for Familiarity 
The major purpose of this survey is to discover the gap between theoretical formula 
and practical application. There are two main reasons for the existence of such gap. 
One is that the advancement of research is ahead of industrial applications and it is 
hard to implement some measures in practice. The other is that the measurement 
of maintenance has not received necessary attentions. Either reason will lead to the 
fact that the practitioners are either not familiar with the metrics or don't have clear 
understanding of some concepts of indicators proposed. There are four categories for 
describing the familiarity of the concepts of data elements: 
1. Concept is known and definition is clear. The participants of surveys don't 
have any confusion on the concepts and their understanding is the same 
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with the definitions prepared. 
2 .  Concept is known of but definition is confusing. The understanding of 
some concepts are different from the definitions prepared, which may lead 
to inconsistent results. 
3 .  New concept but may be used in different term. The concepts have never 
been heard of by participants. Yet they apply similar concepts. 
4. Concept and term not known and the participants have difficulties in un­
derstanding the concepts. 
The snapshot of survey for familiarity is shown in Figure 3 .6. 
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Figure 3.6:  Snapshot of Survey for Familiarity of Indicators 
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Survey for Availability 
While the survey of familiarity investigates the participants' familiarity of certain 
knowledge, the purpose of survey of availability is to examine whether there is a 
system in the organization that enables the management to obtain such data ele­
ments. There are many factors that will have impact on the availability of data such 
as organizational culture, maintenance strategy and application of information tech­
nology. Similarly with the categorization of the availability of data, four categories 
are defined for describing the availability of the developed indicators: 
1 .  Data is available and ready. This is to say that the data required can be 
obtained instantaneously. This normally depends on whether there is a in­
formation system particularly for maintenance and whether it is integrated 
with the corporate information management system. 
2 .  Data is available but need to be calculated. The data elements in this cat­
egory are normally commonly accepted yet replaced with data with similar 
purposes. 
3. Data is unavailable but can be estimated. If the data elements fall into this 
category, it is usually not realistic to obtain them. However, it provides 
some insight on whether such indicators could be introduced in the future. 
4 .  Data is  unavailable and hard to be estimated. Such data elements will 
have be removed from the preliminary model. 
The snapshot of survey for availability is shown in Figure 3. 7. 
3.4.2 Quantification of Asset Maintenance Evaluation Model 
In order to provide information that is clear and easy to understand on the per­
formance on the performance of maintenance function, an appropriate mechanism 
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Figure 3 .  7: Snapshot of Survey for Availability of Indicators 
ought to be developed to enable the investigator to capture such information. As 
stated in early chapters, a score system is required to quantify the level of mainte­
nance performance. The original data, which are numerial values, are obtanied and 
they need to be converted into scaled scores based on predetermined distributions. 
Figure 3 .8 describes how to conduct a quantified analysis for data to be collected 
and the detailed description for each step follows. 
Scaled Scores The maximum possible score is designed to be 100 and the desired 
scored for each indicator and each category can be obtained after the associated 
weights are determined. As the minimum score is zero, a mathematical relationship 
can be developed to derive the scaled scores. The relationship is primarily based on 
the distribution of the data. While there exist various distributions for the measures, 
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Figure 3 .8 :  Analysis Model for Maintenance Measurement Model 
practice has indicated that there exist three simplified relationship that are sufficient 
to describe the required indicators. 
With the increasing of the original values of the indicators, the scores associated 
are increasing proportionally. Under the assumption of such simple relationship, 
the worst case has a score of zero and the best case will result in the maximum 
possible score as seen in Figure 3.9(a) and the mathematical relationships are shown 
in Equation 3.1 , 3 . 2 , and 3 . 3. 
where, 
Y = AX + B  
m1 - m2 B = m1 - ----vi V1 - V2 
Y = Scale score, m2 < Y < m1 
X Metric value calculated by associated formula 
A Slope of linear function 
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Figure 3.9: Distribution Types for Indicators ( a) Linear relationship. (b) Polynomial. ( c) Bellshape 
B = Intercept of linear function 
m1 - Maximum possible scaled score 
m2 - Minimum possible scaled score 
V1 - Maximum possible metric value 
V2 - Minimum possible metric value 
Maximum and minimum possible scaled scores are determined by the weighting. 
While one is equal to the total weight assigned to the metric, the other is zero. Max­
imum and minimum possible metric are determined mostly by the professionals and 
experts based on their experience, existing data and standards accepted commonly 
in industry. 
In this scenario, the increasing of original values of the indicators may cause the 
scaled scores to either increase or decrease. The change of scores, however, is not 
proportional to the change of the values of original indicators 3 .9(b). The existing 
data is used to fit a polynomial function as shown in Equation 3 . 4  
( 3. 4 ) 
63 
where, 
y = Scale score, m2 < Y < m1 
X = Metric value calculated by associated formula 
A = Coefficients of three-degree polynomial functions, determined by 
fitting the existing data 
m1 Maximum possible scaled score 
m2 = Minimum possible scaled score 
For some indicators, the optimum values of scores are obtained when the in­
dicators reach certain values in the middle of the interval. The values greater or 
smaller both represent poor performance of maintenance activities. Therefore, the 
following function as shown in Euqaiton 3 . 5 is applicable in this case illustrated in 
Figure 3 .9(c). 
where, 
a1ea2Xm1 
b1 eb2 Xm1 
Y = Scale score, m2 < Y < m1 
, if X < P 
, if X >= P 
X = Metric value calculated by associated formula 
a1 Low side coefficient 
a2 Low side powder 
b1 = Top side coefficient 
b2 = Top side powder 
( 3 . 5) 
P = Peak value, X value associated with maximum metric value, v1 
m1 = Maximum possible scaled score 
m2 Minimum possible scaled score 
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Weighting System In order to convert the individual scores to overall measures, 
the weights need to be assigned to each indicator in the measurement system. The 
weights are based on the importance of indicators on explaining the performance of 
maintenance. This is primarily determined by consulting with the professionals and 
experts in this area. This task includes two parts. One is to determine the weights 
for each category and the other is to determine the weights for each indicator under 
categories. This effectively reduces the bias on comparing the importance due to 
the great number of indicators. Numerical weights are given to reduce the effects 
of evaluator bias on the analysis; this allows you to obtain an objective assessment 
of the alternatives. In addition, numerical weighting facilitates comparison among 
criteria that are not related. For ease in comparing diverse criteria, the sum of all 
these criteria weighting factors equals 1 .00. 
The weighting system was made through expert judgment. The experts were 
asked assign weights based on their assessments of the relative importance of what­
ever the measure reflects. These experts include subject matter experts on plant 
maintenance and reliability and employees in maintenance function and related de­
partments. Each one.of them was asked to provide a weighting system to the selected 
measures and the final results were given based on the statistics of their analysis. 
While the weights are given to only metrics that are selected after the analysis 
of familiarity and availability of data, Figure 3 . 10 provides a snapshot of how the 
weighting system is determined. As shown in this table, nine professionals and ex­
perts were asked to evaluateand assign weights to the selected metrics. The statistics 
was collected as the fundamentals to provide reasonable weights for each metric. The 
industrial ratings, when applicable, are also taken into account during this procedure. 
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PROPOSED API Industrial Responses %WEIGHTING Weighting (where 
AVG MODE MEDIAN applicable) 
1 2 3 •  5 • ,_ 
Health, Safety & Environmental 5 10 10  10 5 5 5 5 10 7 5 5 5% 0 1  
OSHA recordable case incidence rate 1 1 1 1 2 3 2 1 1 1 1 1 20% 
OSHA lost workday case incidence rate 1 1 1 2 1 1 2 1 1 1 1 1 20% 
Reoortable environmental incidents oer SQuare foot 3 4 3 3 5 5 4 1 1 3 3 3 8% 
Environmental expenditure index 6 2 2 4 6 5 3 2 2 4 2 3 8% 
Security exoenditure index 7 7 2 5 7 7 7 7 7 6 7 7 5% 
Contractor OSHA recordable case rate 4 6 4 1 4 3 1 1 1 3 1 3 20% 
Contractor OSHA LTI rate 4 3 4 2 3 1 1 1 1 2 1 2 20% 
W<,rk Process Control 20 20 25 10 35 20 20 20 15 2 1  20  20 20% 0 .2  
Work order dis¢ioline 1 5 4 6 1 1 2 1 1 2 1 1 15% 
Predictive maintenance reauest inde,c riours) 1 1 5 7 8 4 6 1 3 4 1 4 5% 
Predictive maintenance reauest index numbers) 2 8 5 7 7 6 6 2 2 5 2 6 5% 
Preventive maintenance reauest index hours) 1 2 3 1 6 4 2 1 1 2 1 2 15% 
Preventive maintenance reauest index numbers) 2 8 3 1 5 6 2 2 2 3 2 2 1 0% 
Corrective maintenance reauest Index hours) 1 7 2 3 9 8 3 1 1 4 1 3 5% 
Correcti¥e maintenance reauest index numbers) 2 8 2 3 10 8 3 2 2 4 2 3 5% 
Uraent maintenance reauest Index lhoursl 5% 
Uraent �intenanee reaoest indtJ( (numbers) 5% 
Emeraencv maintenanc.• reaue.t index tb()urs1 5% 
Emeraencv maintenance reQuest index (numbers) 5% 
Percentaae of estimated labor hours 3 4 4 4 2 2 5 1 1 3 4 3 1 0% 
Schedule compliance 1 6 2 5 1 3 1 1 1 2 1 1 10% 
Figure 3 . 10 :  Snapshot of Weighting System Determination 
-3 .4 .3 Example for Statistical Analysis 
During the design stage of proposed assessment evaluation model, a large amount 
of information need to be obtained from historical data. This section provides a 
description of statistical analysis conducted on existing data sets to determine the 
characteristics required in mathematical calculation for the asset maintenance mea­
surement model. One metric, the ratio of Total Maintenance Cost per Square Feet, is 
selected to illustrate how to conduct statistical analysis and discover information of 
measurement. Maintenance costs include repair, preventive, materials, direct labor 
and contract costs. Rentalable Square Foot is used frequently as a basis for cost per 
square foot comparisons. To measure rentable area, subtract major vertical penetra­
tions, interior parking space, exterior walls and void areas from gross area that is the 
sum of the floor areas on all levels of a building that are totally enclosed within the 
building evnelope. Table 3.2 provides data of Total Maintenance Cost per Square 
Foot of sixty companies and organizations. 
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Table 3 .  2 :  Data Table of Total Maintenance Cost Per Square Feet 
Ob Total Maintenance Cost Ob Total Maintenance Cost Ob Total Maintenance Cost R"SF R°SF RSF 
1 1 . 15 21 3 .75 41 1 .82 
2 0 .84 22 2 .99 42 2.4 
3 0 .97 23 2 .84 43 1 .57 
4 3.47 24 1 .39 44 0.68 
5 1 .31 25 3 .35 45 1 .7 
6 3 .54 26 1 .37 46 1 .08 
7 2 .76 27 1 .82 47 1 .9 
8 2.45 28 1 .34 48 1 .63 
9 2 .36 29 3 .21 49 1 .22 
10 2 .77 30 0.59 50 0.67 
1 1  1 .34 31 1 .84 51 0.8 
12 1 .85 32 5 .89 52 2 .38 
13  1 . 18 33 3 . 18 53 2 .28 
14 0 .9 34 2 .2 54 6.32 
1 5  1 .27 35 1 .08 55 1 . 24 
16  1 .02 36 1 .96 56 1 .89 
17  0 .78 37 0 .56 57 2 .24 
18  3 .27 38 2.06 58 1 .2  
19  3 .42 39 2 .46 59 1 . 15 
20 3 .89 40 1 . 1 5  60 0 .34 
Basic Descriptive Statistics 
Descriptive statistics is a statistics technique used to summarize a set of data. In 
other words, we are using the data on members of a set to describe the set. The 
techniques are commonly classified as graphical description, tabular description and 
summary description. In general, statistical data can be described as a list of subjects 
or units and the data associated with each of them. 
Histogram The histogram, as shown in Figure 3.1 1 , is a summary graph showing a 
count of the data points falling in various ranges. The effect is a rough approximation 
of the frequency distribution of the data. It is a very useful tool to convey the 
information including the general shape of the frequency distribution, whether the 
data is skewed, and its modality. 
67 
,---
- -
-
,____ 
i l I I 
. 5  1 1 .5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 
Figure 3 . 1 1 :  Histogram of Total Maintenance Cost Per Square Feet 
Box-Plot A box-plot, also called box-and-whisker plot as shown in Figure 3 . 1 2 , pro­
vides an excellent visual summary of important characteristics of given distribution. 
The box itself contains the middle 50% of the data. The upper edge of the box 
indicates the 75 th percentile of the data set, and the lower hinge indicates the 25 th 
percentile. The range of the middle two quartiles is known as the inter-quartile range. 
The line in the box indicates the median value of the data. These aspects divide 
the data set into four quartiles. The ends of the vertical lines or "whiskers" indicate 
the minimum and maximum data values, unless outliers are present in which case 
the whiskers exten to a maximum of 1 .5 times the inter-quartile range. The points 
outside the ends of the whiskers are outliers or possible outliers. Most of statistical 
applications also provide stimated values of the important characteristics as shown 
in Figure 3 . 1 2 .  
Regression Analysis 
Regression is utilized for determining the coefficients of formula required by the 
measurement model. As discussed in early chapters, three major fits are preferred in 
practice: linear, polynomial (three-order polynomial in this study) and bell shape. 
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Figure 3 . 1 2 : Box Plot of Total Maintenance Cost Per Square Feet 
The bell shape is utilized whenever the maximum scaled score occur within the range 
of original values and it can be decomposed into two exponential distributions. The 
selection of linear and polynomial formual may be a little confusing and the better 
fit will be determined based on statistical analysis. 
Figure 3 . 1 3 is the scatterplot of Total Maintenance Costs per Square Foot. The 
majority of data points form a linear relationship between scaled score and original 
metric value. However, there are two points falling far from the rest of the observa­
tions. From practical point of view, linear equation is preferred. However, it may 
deteriorate the effectivenss of describing the real data distribution and lower the cri­
terion for the best practice. If the two observations are valid, they should be included 
to fit the appropriate model. 
The two observations are verified to be from two organizations that are well­
known for their cost-effectiveness of maintenance performance and their data are 
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Figure 3 . 1 3 : Scatterplot of Total Maintenance Cost Per Square Feet 
retained. Linear and three-order polynomial model are fitted separately and the 
results are shown in Figure 3 . 1 4 and Figure 3. 1 5. It appears that three-order poly­
nomial model provides a better fit for the data set with a R-Square of 0.99 1 3 .  The 
foruma used for this metric is therefore: 
Y = 1 2.68 - 5. 59X + 0. 70X2 - 0 .02X3 
where, 
Y = Scaled score, m2 < Y < m1 
X = Metric value of Total Maintenance Cost per Square Foot 
3.5 Implementation of Maintenance Measurement 
Even though it is not a major focus of this study, the management and implementa­
tion of maintenance performance measurement is as the same important as selecting 
the measures. The intelligent and effective program need to be built for integrating 
performance measurement into the strategy and sustaining the measuring processes 
(Figure 3. 16). This program may vary from different companies and the general 
procedure is summarized as follows: 
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Figure 3 . 1 4 :  Regression Analysis by Fitting Two Models. (b) Third-Degree Polynomial Model. (a) Linear Model. 
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Figure 3 . 1 5: Parameter Estimates of Regression Analysis. (b) Third-Degree Polynomial Model. (a) Linear Model. 
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AMES Modu le 3: Implement Asset Maintenance Evaluation Model 
,I _ ·- - -
INPUT � � OUTPUT 
• Asset Maintenance =; IMPLEMENT PLANT =; • Organizational Evaluation Template M&R ASSESSMENT Awareness 
=; =; • Collected Data 
I 
I 
I 
I 
I 
t 
t 
t 
I 
t 
- - - _ .... - ... - ____ ... - - -- - ... . .. .. ....... _ ... - - ----- - --------- -- ----- ..... - -- --- ........  - -- .. .. ..... - - - - - - .. ... 
.. 
3.1 
Develop 
Implementation 
procedure 
3.2 
Assign 
measurement 
responsibility 
3.3 
Design 
asseasment 
reporting 3.4 
Conduct 
measurement 
I 
I 
3.5 
Audit and cootrol 
feedback 
+ 
I 
I 
I 
I 
I _ _  ,
Figure 3 .16: AMES Module 3 - Implement Asset Maintenance Evaluation System 
1 .  The management identifies the core processes, formulate the strategy and 
use it as the foundation for performance evaluation, rewards, and trou­
bleshooting. 
2 .  The management appoints performance measurement team and this team 
serves to develop strategy and measures for maintenance function. This 
team consists of representatives from different areas related to maintenance 
including the supportive functions. 
3 .  The understanding of the current system is developed by the team. ; 
4 .  Based on the current state of maintenance activities, subgoals are devel­
oped by the team with the alignment to the overall business objectives. 
5. The management finalizes the performance measurement model by inte­
grating the recommendations from different areas, so that all subgoals 
could work in harmony. 
6. The team implements the finalized performance measurement model to the 
specific areas for the evaluation. 
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7. An effective reporting system is developed for monitoring and sustaining 
the measurement process. The frequency of reporting the measures de­
pends on the levels they belong to. 
8. The team analyzes the problem and identifies the potential improvement 
and presents them to the top management. 
9. The management develops the improvement strategy based on the propos­
als of the team members. 
3.6 Analysis of Assessment Results 
The asset maintenance evaluation model is designed to provide information that 
could be used for management to determine the strengths and weaknesses so that the 
resources may be assigned to activities that maximize the improvement effectiveness. 
The results of the proposed asset maintenance evaluation model focus on three major 
areas show in Figure 3 . 1  7: 
1 .  Discover the strengths and weakenesses of the performance of asset mainte­
nance. 
2 .  Identify the root causes of existing problems. 
3 .  Provide infrastructures for benchmark within organization and among com­
petitors. 
Score Analysis 
The purpose of score analysis is to obtain the information of how well one organiza­
tion does on asset maintenance. These values can be classified into three categories: 
earned score, missing score and improvement opportunity, values of these three add 
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Figure 3.17: AMES Module 4 ·- Analysis for Results 
up to the maximum possible score. Earned scores refer to the values that are as­
signed to the metrics; missing scores are the values because the data do not exist 
or could not be measured due to a variety of reasons; improvement opportunities 
indicate the possible improvement of certain areas. The results of these three scores 
enables management to determine the status of their asset maintenance performance 
and whether there exist an infrastructure for performance measurement. 
Benchmarking 
For the purpose of evaluation and benchmarking, the scores obtained by the above 
procedure need to be presented in a way that it could be easily to identify how 
well organizations stand among other companies. In order to provide a better un­
derstanding on · the performance of maintenance function, quartiles are introduced 
to illustrate the results of scores. The determination of quartiles is based on the 
historical data for each indicator. The linear model is applied for the evaluation of 
most indicators and was found to be effective in classifying the scores for most of 
indicators. The normal distribution is also assumed for several measures. 
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Chapter 4 
Model Validation and Results 
4. 1 Model Validation Procedure 
The developed model needs to be validated for its accuracy and applicability. As­
sessing the quality of the model is called data validation. It should represent the 
real picture of maintenance function. The metrics adopted for the model ought to 
be able to reflect an organization's performance internally to support continuous 
improvement and externally as a benchmark tool to identify the best practices in 
maintenance area. 
Another major purpose of the proposed model is to provide a practical tool for 
companies to monitor the maintenance activities, control the maintenance functions, 
and improve maintenance performance. This measurement model is expected to be 
part of the continuous improvement program that would help sustain the change in 
the maintenance performance. Therefore, it is critical to investigate the applicability 
of the proposed model and, specifically, whether it could work well in the practical 
scenario. The data elements should be applicable to all maintenance strategies and 
within the ability and authority of the site management team to manage and control. 
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The data would be readily available from existing maintenance system or require only 
limited amount of work to develop or calculate. To investigate the above issues, face­
to-face interviews with key site personnel would be conducted. The model validation 
was conducted by the following steps: 
4. 1 . 1  Prepare Maintenance Survey Package 
A survey package was prepared for the data collection process based on the pre­
liminary model. As the process takes more than one visit to complete, there is a 
need for the participants to go through and understand the entire survey. There­
fore, the package was designed in such a way that the definitions and terminologies 
were well-defined to avoid unnecessary confusion and misunderstanding, which will 
subsequently ensure the consistency of the procedure. 
The survey package contains the following items: 
Cover letter The cover letter describes the purpose and background of the main­
tenance survey. It also briefly introduces the necessities of conducting such a survey. 
Instruction The Instruction manual describes the contents of the survey, the usage 
of the- survey and other important issues related to data collection procedure. The 
participants are required to understand the instruction before the data collection is 
initiated. 
Survey of familiarity This section contains the survey on how familiar the par­
ticipants are with the measurement indicators included (Appendix B. 1 ). 
Survey of availability This section contains the survey on whether the data 
elements needed available (Appendix B.2 ). 
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Form of data input This section contains forms allowing participants input the 
information required (Appendix B. 3 ). 
4. 1 . 2  Select Participants 
The performance of maintenance function can be quite different for different types 
of manufacturing. While it was difficult to compare maintenance functions from 
different manufacturing, the model tries to address problems for general mainte­
nance function without the limitation of product type and process type. Several 
manufacturing companies were selected as candidates for the data collection of the 
performance measurement model with the consideration of the type of both prod­
ucts and processes. Seven manufacturing companies have been actually used for 
validating the model and their brief profiles are summarized in Table 4 . 1 .  
4. 1 .3 Field Visit and Data Collection 
After the selected companies agreed to participate in maintenance surveys, autho­
rized personnel need to be assigned to be major contact on the data collection. Even 
though the measurement model was developed for maintenance function, the infor­
mation related actually covers other department. For example, the data elements 
Table 4 . 1 :  Profiles of Participant Companies 
No. Product Type Process Type 1 Electronic product Manufacturing and assembly 2 Metal working product Manufacturing 3 Construction equipment Assembly 4 Plastic product Manufacturing 5 Chemicals product Manufacturing 6 Robotic system Manufacturing 7 Chemicals product Manufacturing 
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regarding the financial information have to be collected through plant manager or 
financial department. The survey and interviews were made through the plant man­
ager and the supervisor of maintenance department or the manager in charge. The 
interviewee also include technicians, planners, and clericals in maintenance function 
and other departments. Besides the data collection, they also gave advices on how 
to improve the proposed measurement model. 
4. 1 .4 Data Analysis and Result Presentation 
The result for each company was analyzed in terms of whether it is simple yet 
comprehensive and whether the performance of companies could be differentiated by 
the proposed model. 
4.2 Analysis of Results 
4.2 . 1  Familiarity of Concepts 
As shown in Figure 3.6, four categories are applied to the survey of familiarity of 
concepts with scales of 1 ,  2, 3, and 4 assigned to each category. After the scores were 
filled in during the data collection process, average scores could be obtained for each 
data elements. In order to help select the applicable measures, the average scores 
are categorized as shown in Table 4.2. 
4.2 .2  Availability of Data 
Similar analysis is applied to study the availability of data and four categories are 
assigned. The average scores are categorized as shown in Table 4.3. 
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Table 4.2 :  Score Ranges of the Results of Familiarity of Concepts 
Score Range 
Average � 1. 5 
Description 
The concept is familiar and acceptable. The measures in this category are included for further study. 
1. 5 < Average � 2 . 5 The concept is known of but the definition is confusing. The measures in this categories should also be included with clarification of the definition. 
2 . 5 < Average � 3 . 5 The concept is unknown yet may be used in different terms. Further investigation is needed for studying the applicability of such measures. Measures in this cate­gory will not be included unless there exists great rele­vance. 
Average > 3 . 5 Measures in this categories must not be included. 
Table 4 . 3: Score Ranges of the Results of Availability of Data 
Score Range Description 
Average � 1 . 5 The data is ready to use. Measures in this categories are mostly financial oriented indices. 
1. 5 < Average � 2. 5 The data need to be calculated based on other available information. 
2 . 5 < Average � 3. 5 The accurate data could not be obtained during the current stage. Yet it could be estimated or obtained through further study. 
Average > 3. 5 Measures requiring data in this categories must not be included. 
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Table 4.4 provides a summary of results on the familiarity and availability. Based 
on the scales of scores for familiarity and availability, the following strategy has been 
used to determine whether to keep measures for both importance and applicability. 
Familiarity 
1. Retain the measures with scores less than or equal to 1 . 5 as there is no 
confusion for them in practice. 
2. Retain the measures with scores greater than 1.5 and less than or equal to 2.5. 
But the definition or introduction for these measures should be provided along with 
the data collection sheet in order to avoid the misuse of these measures or misleading 
of the data to be collected for them. 
3. Remove the measure with scores greater than 2.5 and less than or equal to 
3.5 unless there is reasoning or practical importance to keep them. 
4. Remove the measures that received score greater than 3.5 since they are not 
commonly accepted in industry and hence will be difficult to implement in practice. 
Availability 
1 .  Retain the measures with scores less than or equal to 1 . 5 as the data is ready 
and easy to collect for these measures. 
2. Retain the measures with scores greater than 1.5 and less than or equal to 
2 . 5. But the formula for calculating these measures should be provided along with 
the data collection sheet. 
3. Remove the measure with scores greater than 2.5 and less than or equal to 
3.5 unless there is reasoning or practical importance to keep them. 
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Table 4 . 4 : Results of Familiarity and Availability Survey 
INPUT PERFORMANCE DATA Familiarity Availability 
ID Data Elements Overall Maintenance Performance 
1 Site total hours worked 1. 00 1. 00 
2 Annual production capacity 1. 00 1. 00 
3 Actual production volume 1. 00 1. 00 
4 Quality rate 1. 00 1. 00 
5 Number of defects 1.00 1. 00 
6 Number of rework 1.00 1.00 
7 First yield pass 1.7 5  I 3. 2 5  I 
8 Sum of all actual run rates 2 . 00 2 . 00 
9 Sum of all theoretical maximum run rates I 3.00 4.00 
10 Number of breakdowns 1.7 5  3 . 2 5  
1 1  Mean time between failures 2 . 00 4 . 00 Production Performance 
12 Total available time 1. 2 5  1.00 
13 Actual running time 1. 2 5  1.00 
14 Total downtime 1. 5 0  1.5 0  
15 Unplanned downtime 2 . 00 2 . 2 5  
16 Planned downtime 1. 2 5  1. 5 0  
17 Downtime due to lack of production 2 . 00 3 . 5 0  
18 Downtime due to others 2 . 00 3. 5 0  
19 Downtime due to changeover 2 . 00 3 . 5 0  Cost Performance 
2 0  Total maintenance cost 1.7 5  1.7 5 
2 1  Maintenance direct labor cost 1. 00 1. 00 
2 2  Maintenance material cost 1. 00 1.5 0  
23 Maintenance overhead cost 2 . 2 5  2 . 2 5  
2 4  Maintenance inventory cost 2 . 2 5  I 2 .7 5 I 2 5  Cost of breakdown repairs I 3. 2 5  3 .7 5 Time 
26 Craft technician wrench time % I 3. 2 5  I 3. 2 5  I 
27 Total planned labor hours 1 . 2 5  1 . 5 0  
28 Mean time to repair 2 . 00 I 3.7 5 I Work Order System 
29 Total number of labor hours reported against 1.00 1. 00 closed work orders 
continued on next page 
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Table 4 . 4 :  (Continued) 
INPUT PERFORMANCE DATA Familiarity Availability 
ID Data Elements 
30 Total annual paid hours for direct mainte- 1.00 1.00 nance technicians 
31 Number of tasks completed 2 .25 2.75 
32 Number of tasks requested 2.25 2.75 
33 Repeated jobs 1.75 3.50 
34 Overdue work orders 2.00 3.25 
35 Hours war ked as overtime 1.00 1.75 
36 Number of emergency work orders 1.75 2.00 
37 Total number of work orders per year 1.50 2.00 Planning and Scheduling 
38 Total scheduled war k hours 1.50 1.00 
39 Total maintenance war k hours 1.00 1.00 
40 Total number of closed work orders 1.00 1.25 
41 Total compliant work hours 1.00 1.25 
42 Number of emergency/breakdown work orders I 3.00 I 3.25 I Maintenance Functions 
43 Preventive maintenance work hours 1.00 2.00 
44 Reactive maintenance work hours 1.00 1.25 
45 Predictive Maintenance Work Hours 1.00 I 3.50 I Maintenance Training 
46 Technical training cost per employee 2.25 2.25 Maintenance Inventory 
47 Total value of stores inventory 2.00 2.00 
48 Total inventory value 1.25 1.25 
49 Replacement asset value of facility 1.75 1.25 
50 Total number of MRO items inventoried 2.00 I 3.00 I equal to documented 
51 Total number of MRO item inventoried 2.00 3.25 
52 Total received MRO items 2.00 2.75 
53 Total received MRO items on time 2.00 3.50 
54 Total dollar value of MRO item purchased 2.75 4.00 
55 Total dollar value of MRO item purchased 2.75 4.00 through leverage Safety 
56 Total work force 1.00 1.00 
continued on next page 
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Table 4 . 4 :  (Continued) 
INPUT PERFORMANCE DATA Familiarity Availability 
ID Data Elements 
57 Number of OSHA/MSHA recordable injuries 1.00 1.00 
5 8  Number of lost workday case injuries 1.00 1.00 
59 Reportable environmental incidents 1.00 1.00 Maintenance Organization 
6 0  Total number of maintenance employees 1.00 1.00 
61 Number of maintenance craft technicians 1.00 1.00 
62 Number of direct supervision 1.00 1.00 
6 3  Number of maintenance planners 2.5 0 1.00 
6 4  Number of site management staff 2.5 0 1.00 CMMS 
65 Total number of equipment pieces 1.25 1.00 
66 Total number of documented master 1.75 1.75 equipment pieces 
67 Total number of documented equi- I 3.25 I 3.25 I pment pieces with a criticality 
6 8  All time based PM activities auto- I 4.00 I 3.25 trigger work orders in CMMS Contractor Management 
69 Total dollar value of services from contractors 2.00 2.00 
7 0  Total dollar value of services received I 4.0 I 3.25 from contractor with most dollar value 
71 Number of contractor OSHA/MSHA 1.00 I 3.25 I recordable injuries 
72 Total hours worked by contractors on 1.00 I 3.25 I site 
7 3  Contractor productivity ( wrench time) I 4 . 00 I 3.25 I Others 
7 4  Contractor manager survey results I 4 .00 I 4.00 I 75 Total number of in-house PdM 3 . 25 3.25 technologies 
76 Total number of all PdM technologies I 3 . 25 I 3.25 I 
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4 .  Remove the measures that received score greater than 3 . 5 since it is impossible 
to obtain the data and hence will be difficult to implement in practice. 
Table 4 . 4 circled the scores that are greater than 2 . 5, which indicates that the 
measures with these scores could be removed from the preliminary model. However, 
several measures are suggested to be retained for their importance to reflect the 
performance of maintenance function. It is recommended that practitioners adopt 
these measures for the performance evaluation. These measures are: 
Data Element 10 . Number of breakdowns 
Data Element 2 4 . Material inventory costs 
Data Element 3 1 . Number of tasks completed 
Data Element 3 2 . Number of tasks requested 
Data Element 3 4 .  Overdue work orders 
Data Element 50 . Total number of MRO items inventoried equal to documented 
Data Element 52 . Total received MRO items 
Data Element 53 . Total received MRO items on time 
Data Element 72 . Total hours worked by contractors on site 
4.2 .3  Assigning the Weights 
The next task is to assign weights to the selected measures to quantify their relative 
importance. Numerical weights are given to reduce the effects of evaluator bias on 
the analysis; this allows you to obtain an objective assessment of the alternatives. 
In addition, numerical weighting facilitates comparison among criteria that are not 
related. For ease in comparing diverse criteria, the sum of all these criteria weighting 
factors equals 1 .00 . 
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The weighting system was made through expert judgement. The experts were 
asked assign weights based on their assessments of the relative importance of what­
ever the measure reflects. These experts include subject matter experts on plant 
maintenance and reliability and employees in maintenance function and related de­
partments. Each one of them was asked to provide a weighting system to the selected 
measures and the final results were given based on the statistics of their analysis. 
Table 4 . 5 provides an descriptions of weights for all measures. 
4.2 .4  Calculation of Scores 
After we decide what data elements should be attained for evaluating the mainte­
nance activities, the next logic step is to calculate the indicators. One of the primary 
purposes of this study is to develop a quantified measurement system to evaluate the 
performance of maintenance function. In order for this purpose, it is necessary to 
obtain the total score and scores for each category as well. The scoring formula can 
be written as follows. 
Accumulating score for each section of maintenance function, 
n 
Si = L Wij Vij 
j=l 
Total score for maintenance function, 
n n 
s = L L wijVij 
i=l j=l 
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(4. 1 )  
(4. 2) 
ID 
1 2 3 
4 5 
6 
6 
7 8 
9 
10 
11 
1 2  1 3  1 4  
16 1 7  18 
19 20 2 1  
2 2  2 3  2 4 2 5  
Table 4 . 5: Weights for Maintenance Measurement Model 
PERFORMANCE METRICS I Weights j Data Elements Overall Maintenance Performance Overall equipment effectiveness Overall cost effectiveness Maintenance Effectiveness 
. Availability lOo/o Uptime Percentage 3 . 3 %  Production Rate 3 . 3 %  Quality Rate 3 . 3 %  Cost 10% ivlaintenance direct labor cost /Total maintenance cost 2 . 5% Maintenance material cost/Total maintenance cost 2 . 5% Maintenance overhead cost /Total maintenance cost 2 . 5% Total maintenance cost/Estimated replacement value of assets 2 . 5% Maintenance Efficiency Work Process Control 25% Schedule compliance 2 . 5% Percentage of planned work 5% Craft technician wrench time 10% Percentage of breakdown/ emgergency work orders 7. 5% Work order discipline 5% Supportive Functions for Maintenance Health, Safety and Environment 10'7o Reportable environmental incidents 2 . 5% OSHA(MSHA) lost workday case incidence rate 5% OSHA(MSHA) recordable case incidence rate 2 . 5% MRO 15% Service level o f  the stores 5% Store inventory accuracy 5% Stores turnover 5% Organization 10'7o Support ratio - Maintenance staff to total workforce 3. 3 %  Span of control - Maintenance planner to craft technician 3 . 3 %  Span of control - Direct supervision to craft technician 3 . 3 % Contractor Management 10% Contract or manger survey results 2 . 5% Contractor productivity 2 . 5% Distribution of contractor spending 2 . 5% Contractor OSHA recordable case rate 2 . 5% 
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where, 
S Total score for maintenance function. 
Si - The score for ith category of maintenance function. 
i The order of categories of maintenance function. 
j - The order of indicators with categories of maintenance function. 
¼i = The score for individual indicators. 
4.2 . 5  Determination of Quartiles 
For the purpose of benchmark, the scores obtained by the above procedure need 
to be presented in a way that it could be easily to identify how well organizations 
stand among other companies. In order to provide a better understanding on the 
performance of maintenance function, quartiles are introduced to illustrate the results 
of scores. 
The determination of quartiles is based on the historical data for each indicator. 
The linear model is applied for the evaluation of most indicators and was found to be 
effective in classifying the scores for most of indicators. The normal distribution is 
also utilized for several measures. The complete quartiles for each indicator is shown 
in Table 4 .6. 
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Table 4 .6 :  Quartiles of Maintenance Indicators 
INPUT PERFORMANCE DATA Overall equipment effectiveness < 5 5% Overall cost effectiveness > 4 % Uptime Percentage <70% Production Rate <8 5% Quality Rate <8 5% Total maintenance cost/ Esti- > 4 .9% mated replacement value of assets Schedule Compliance <2 5% Percentage of planned work < 5 5% Craft technician wrench time < 3 1 %  Percentage of breakdown or emer- >20% gency work orders Work order discipline < 5 4 %  Reportable environmental inci- > 10 dents OSHA(MSHA) lost workday case > 5. 1 5 incidence rate OSHA(MSHA) recordable case > 1 .07 incidence rate Service level of the stores <9 1 %  Store inventory accuracy <9 4 %  Stores turnover 0 . 1 -0. 2 Support ratio - Maintenance staff <9 or to total workforce >27 Span of control - Maintenance <8 or planner to craft technician >2 6 Span of control - Direct supervi- < 5% or sion to craft technician >2 1 %  Contractor manger survey results 1 -2 Contractor productivity < 3 1 %  Distribution of contractor spend- < 5 5% ing Contractor OSHA recordable > 5. 1 5 case rate 
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QUARTILES 5 5%-70% 4 %- 3 %  70%-80% 8 5%-90% 8 5%-90% 4 .9%- 3 .7% 
2 5%- 50% 5 5%-80% 3 1 %- 4 1 %  1 5%-20% 
5 4 %-83 % 7-9 
5. 1 5- 3 .06 
1 .07-0.6 4 
9 1 %-9 4 % 9 4 %-96% 0. 2 -0 . 3  9- 1 3 . 5 or 22. 5-27 8- 1 2 . 5  or 2 1 . 5-26 5%-9% or 17%-2 1 %  2 - 3 3 1 %- 4 1 %  5 5%-70% 
5. 1 5- 3.06 
70%-8 5% 3 %-2 % 80%-90% 90%-9 5% 90%-9 5% 3 .7%-2 . 5% 
50%-7 5% 80%-92 % 4 1 %- 5 1 %  1 0%- 1 5% 
8 4 %-9 4 % 4 -6 
3 .06-0.97 
0.6 4 -0. 2 1 
9 4 %-97% 96%-98% 0 . 3 -0 . 4 1 3 . 5- 16 or 20-22. 5 1 2. 5- 1 5 or 19-2 1 . 5 9%- 1 1 . 4 % or 1 4 .6%- 17% 3 - 4  4 1 %- 5 1 %  70%-8 5% 
3 .06-0.97 
>8 5% <2 % >90% >9 5% >9 5% < 2 . 5% 
>7 5% >92 %  > 5 1 %  < 10% 
>9 4 %  < 3  
<0.97 
<0 .2 1 
>97% >98% 0. 4 -0. 5 1 6-20 
1 5- 19 
1 1 . 4 % - 1 4 .6% 4 - 5  > 5 1 %  >8 5% 
<0.97 
Chapter 5 
Conclusions 
As discussed in early chapters, the existing methodologies to evaluate asset main­
tenance are either very costly or limited to only obvious problems that can not 
represent the real system. The improvement of maintenance function cannot be pro­
gressed without an appropriate measurement tool. The purpose of this study is to 
develop a methodology of asset maintenance evaluation for auditing current system 
behavior and locating strengths and weaknesses in an efficient and effective manner. 
The developed model has been validated through practitioners in terms of its accu­
racy of measurement, applicability in practice and compatibility to overall business 
system. The following major conclusions may be drawn from the empirical validation 
carried out by this study. 
CONCLUSION 1 :  
AMES model approves to be practically easy to use. The application of survey of 
familiarity and availability has ensured that the indicators that are irrelevant or 
difficult to measure be removed from the model. The modified model has been 
applied to a number of manufacturing organizations and the indicators contained 
are commonly-used or require only limited amount of work to obtain the data. 
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CONCLUSION 2 :  
AMES model achieves the balance of results reliability and resource effectiveness. It 
has required only one hour or so for one organization or a trained individual to obtain 
the data needed for the model, which has tremendously reduced the labor work, cost, 
time and other necessary resources. As the indicators are selected from a compre­
hensive list of all possible measures related to the asset maintenance management, 
the inclusive coverage is assured to provide a thorough evaluation. Therefore, the 
measurement of model can be completed with satisfactory results in a time-efficient 
and cost-effective manner. 
CONCLUSION 3 :  
AMES model outperforms other evaluation services or packages in integrating main­
tenance strategy with overall business objective and translating such strategy to 
quantifiable measures. This conclusion may be illustrated by the following features 
of the AMES model. 
• Both financial and operational indicators are included, where financial 
measures are aligned with business strategy and operational measures pro­
vide guidance for maintenance activities. 
• All indicators utilized are quantitative measures or transferred to quantifi­
able formats. 
• Application of mathematical and statistical techniques ensures the mea­
surable values be translated into score system. 
CONCLUSION 4 :  
AMES model utilized maintenance hierarchy analysis to provide intelligent insight 
through the proposed model and enables management to track down the performance 
of asset maintenance and identify the root causes of current problems. The feature 
provides great advantages for practitioners as the ultimate goal for any measurement 
system is to recognize the strengths and weaknesses and identify opportunities for 
improvement. 
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Appendix A 
Summary of Measures for 
Maintenance Performance 
A. 1 Overall Maintenance Performance 
Overall Equipment Performance 
1 .  Overall Equipment Effectiveness = Availabilityx Producation Ratex Quality Rate 
Overall Cost Effectiveness 
2. Overall Cost Effectiveness= Total Mainten�nce Cost Total Prod uct1on Cost 
A.2 Maintenance Effectiveness 
Equipment 
3 .  Availability = Actua:l Run Time . Total A va1lable Run Time 4 Production Rate = Ac�ual Output for Scheduled Ti�e · Designed Output for Scheduled Time 5 Quality Rate = Actual Production Volum.e - Defects-Rework · Actual Production Volume 6 Failure Frequency = Number 0� Mainte!1a.nce Breakdowns · Total Direct Mamtenance Hours 
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6 Percentage of Repetitive Equipment Failures = Number of Repetitive E9,uipment �ailures · Total Number of Eqmpment Failures 7 Mean Time between Failure = Total Time - Downtime - Non-utilized Time · Number of Breakdowns 
Production 
8 Percentage of Unscheduled Downtime = Unscheduled Do:1ntime · Total Downtime 9 Percentage of Scheduled Downtime = Scheduled Dow.ntime · Total Downtime 10 Percentage of Downtime due to Lack of Production = Downtime due to Laclc .0r Production · Total Downtime 1 1 . Percentage of Downtime due to Quality Issues = Downtime due to Q�ality Issues Total Downtime 
Cost 
1 2  Percentage of Maintenance Labor Cost = Maintena?ce Labor Cost · Total Maintenance Cost 1 3  Percentage of Maintenance Material Cost = Maintenan�e Material CoSt · Total Maintenance Cost 1 4  Percentage of Maintenance Overhead Cost = Maintenanc.e Overhead CoSt · Total Maintenance Cost 1 5  Cost of Breakdown Repairs = Cost of Bre�down Repairs · Total Direct Cost 
A.3 Maintenance Efficiency 
Time 
1 6. Wrench Time = The Time That Direct Maintenance Workers are Advancing 
Completion of a Maintenance Task. 
17. Manpower Efficiency = Wrench Time Total Hours Scheduled 1 8  Mean Time to Repair = Sum of Downtime to .Repair · Number of Repairs 19. Maintenance Lead Time = The Time from the Request in Received to When the 
Task is Done. 
20. Maintenance Response Time = The time it takes from the request is received to 
when the maintenance technician arrives at the job site. 
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Work Order System 
21. Work Order Discipline = Total Number of La�or Hours Rep�rted Ag�inst Closed Wo�� Orders Total Annual Paid Hours for Direct Maintenance Techmc1ans 
22. Work Order Turnover = Number of Tasks Completed Number of Work Requests 
23. Work Order Overdue = Work Orders Overdue Work Orders Completed 
24. Maintenance Cost per Work Order = Total Maintenance Cost Charged to Work Orders Number of Work Orders 
25. Percentage of Emergency Work Orders = Number of Emergency Work Orders Work Orders Completed 
Scheduling 
26. Schedule Compliance = Mainte�ance Hours Scheduled Total Maintenance Hours Worked 
27 Overtime = Hours Worked as Overtime · Total Work Hours 
28. Planning Compliance = Total Hours Estimated on Scheduled Work Orders Total Hours Charged to Scheduled Work Orders 
Maintenance Function 
29. Percentage of Preventive Maintenance Work Hours = PM �orked Hours Total Maintenance Hours 
30. Percentage of Reactive Maintenance Work Hours = Reactive Maint�nance Worked Hours Total Maintenance Hours 
31. Percentage of Predictive Maintenance Work Hours = Predictive Main�enance Worked Hours Total Maintenance Hours 
31. Percentage of Emergency Maintenance Work Hours 
Emergency Maintenance Worked Hours 
Total Maintenance Hours 
A.4 Support Functions for Maintenance 
People 
32. Technical Training Hours per Employee = Total Maintenanc.e Training Hours Total Number of Maintenance Employees 
33. Technical Training Costs per Employee = Total Maintenan�e Training Costs Total Number of Maintenance Employees 
34 Percentage of Training Employees = Total Number of -r:raining Employees · Total Number of Maintenance Employees 
34. Percentage of Downtime due to Lack of Knowledge or Skills 
_ Percentage of Downtime due to Lack of Knowledge or Skills - Total Maintenance Work Hours 
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Parts 
3 5. Ratio of Inventory to Asset Placement Value 
_ Total Dollar Value of On-Handed MRO Materials - Total Dollar Value to Replace the Entire Facility 36. Store Inventory Accuracy 
_ Total Number of MRO Line Items Inventoried that Equal Documented On-Hand Quantity - Total Number of MRO Line Items Inventoried 37 Service Level of Stores = Total Number of Orders Filled on Demand · Total Number of Orders Requested 
38 Stock Outs = Total Number of Orders Not Filled on Demand · Total Number of Orders Requested 3 8  Rush Purchase Orders = Total Number of Rush Purchase Orders · Total Number of Purchase Orders 39. Percentage of MRO Purchased through Leveraged Agreements 
_ Total Dollar Value of MRO Items Purchased through Leveraged Agreements - Inventory Value 4 0  Inventory Turnover = Total Amount of Stores Usage Inventory Value 
Financial 
41. Percentage of Maintenance Budget = Maintenance Budget Total Budget 
Health, Safety and Environment 
4 2. OSHA (MSHA ) Recordable Case Incidence Rate 
_ The Number ·of OSHA Recordable Cases x 200,000 - Total Hours Worked by All Employees 4 3 . OSHA(MSHA) Lost Workday Case Incidence Rate 
_ The Number of OSHA Lost Workday Casesx 200,000 - Total Hours Worked by All Employees 4 4 . Reportable Environmental Incidents 
4 5. Number of Continuously Accident-Free Days 
4 3 . Percentage of Environmental Cost 
_ The Environmental Cost - Total Maintenance Cost 
Organization 
4 6. Percentage of Maintenance Employees = Number of Maintenance Employees Total Work Force 4 7 Ratio of Direct Supervision = Number of Direct Super:v�sion · Number of Craft Techmc1ans 4 8. Ratio of Planners = Number of Planner� .  Number of Craft Techmc1ans 
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49 Ratio of Clerical Personnel = Number of Clerical Per�o�nel · Number of Craft Technicians 50. Ratio of Maintenance Personnel Scheduled for Each Shift 
_ Number of Maintenance Personnel Scheduled for Each Shift - Number of Maintenance Employees 
Computerized Maintenance Management Systems 
5 1. Master Equipment List 
_ Number of Pieces of Equipment Documented in CMMS Master Equipment List - Total Number of Pieces of Equipment on Site 52. Equipment Criticality Ranking 
_ Number of Pieces of Equipment Documented in CMMS with Criticality Ranking - Total Number of Pieces of Equipment on Site 53. Predictive Maintenance Techniques Being Applied throughout the Site (Yes/No) 
5 4. All Time-Based PM Activities Auto-Trigger Work Orders in CMMS (Yes/No) 
5 5. The Integration of CMMS with General Systems (Yes/No) 
56. Frequency of maintenance reporting 
Contractor Management 
59 Percentage of Contractor Work Hours = Total Numbe� of Work Hours ,from Cont.ractor · Total Maintenance Work Hours On Site 57. Contractor OSHA(MSHA) Recordable Case Incidence Rate 
_ The Number of OSHA Recordable Casesx 200,000 - Total Hours Worked by All Employees 58. Contractor Wrench Time 
59. Distribution of Contractor Spending Among All Contractors 
_ Total Dollars Value of Contracted Services Received from Contractor with Highest Total Dollar - Total Dollar Value of Services Received from All Contractors Engaged 
Energy 
57 Electricity Consumption = The Cos� of Electricity · Total Maintenance Cost 57 Water Consumption = The c<:>st of Water · Total Maintenance Cost 5 7. Fuel Consumption = The �ost of Fuel Total Maintenance Cost 
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Appendix B 
Survey Package 
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B.3  Form of Data Input 
Asset Ma intena nce Eva l uatio n S stem 
ID Data Elements 
Company: 
Site: 
Site Manager: 
Person Supplying Data: 
Person Supplying Data Contact Phone Number: 
INPUT PERFORMANCE DATA 
ID Data Elements Units Input data in th is 
Overall Maintenance Performance 
OveraU Ee1uh:iment Performance 
1 Total Time - Ful l-Time Operatoin Hours/year 
2 Annual Production Capacity Pieces/month 
3 Actual Production Vo lume Pieces/month 
4 Quality Rate 
Number of Defects % 
6 Number of Rework % 
7 First Yield Pass* % 
8 Sum of All Actual Run Rates hour 
9 Sum of All Theoretical Maximum! Run Rates % 
1 0  Number of Breakdowns Number 
1 1  Mean Time between Fai lures Hours 
Production Performance 
1 2  Tota l Avai lable Time Hour 
1 3  Actua l l  Runn ing Time Hour 
1 4  Total Downtime Hour 
1 5  Unplanned Downtime Hour 
1 6  Planned Downt ime Hour 
1 7  Downtime Due t o  Lack of Production % 
1 8  Downtime Due t o  Others % 
1 9  Downtime Due t o  Chanqeover % 
Cost Performance 
20 Total Maintenance Cost $MM 
21 Maintenance Direct Labor Cost/year $ 
22 Maintenance Materia ls Cost $ 
23 Maintenance Overhead Cost $ 
24 Maintenance Inventory Cost $ 
25 Cost of Breakdown Repairs $ 
Time ,;.p 
26 Craft Technician Wrench Time % Percentaqe 
27 Total Planned Labor Hours Hours 
28 Mean Time to Repair Number 
Work Order Svstem . 
29 Tota l Number of Labor Hours Reported Aqa inst Closed Work Hours 
30 Tota l  Annual Paid Hours for Direct Maintenance Technicians Hours 
31 Number of Tasks Completed Number/day 
32 Number of Tasks Requested Number/day 
33 Repeat jobs % 
34 Overdue work orders % 
35 Hours Worked as Overtime hourr/vear 
36 Number of Emergency work orders Number 
37 Tota l Work Orders Per Year Number 
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. t Asset M a i n  ena nce E va ua  10 0 s t �ys em 
ID Data  E lements Units Input Data In 
Planninn and Sch edul inn 
38 Total Scheduled Hours Hours/month 
39 Total Maintenance Work Hours Hours/week 
40 Tota l  Number of Closed Work Orders 
41 Total Compli ant Schedu led Hours % 
42 Number of Emergency/Breakdown Type Work Orders Number 
Maintenance Functions 
43 PM Work Hours Number 
44 Reactive Maintenance Work Hours 
45 Predicit ive Maintenance Work Hours 
Traininn Functions 
46 Technical Tra in inq Cost Per Employee Number 
Inventory 
47 Tota l  Value of Sto res Inventory $ 
48 Tota l  Inventory Value 
49 Replacement Asset Value of Faci l ity $ 
50 Total Number of MRO Items Inventoried Equal to the Documented Number 
51 Total Number of MRO Items Inventoried Number 
52 Total Received MRO Items Number 
53 Total Received MRO Items On Time Number 
54 Total Dol lar of MRO Items Purchased $ 
55 Total Dol lar of MRO Items Purchased Through Leveraged $ 
Safe� 
56 Total Work Force Number 
57 Number of OSHA/MSHA Recordable Injuries Number 
58 Number of OSHA/MSHA Lost Workday Case Injuries Number 
.59 Reportab le Envi ronmenta l  Incidents Number 
Maintenance Organization 
60 Total Number of Maintenance Employees Number 
61 Number of Maintenance Craft Technic ians Number 
62 Number of Direct Supervision Number 
63 Number of Maintenance Planners Number 
64 Number of Site Manaqement Staff Number 
CMMS 
65 Total Number of Equipment Pieces Number 
66 Tota l  Number of Documented Master Equipment Pieces Number 
67 Total Number of Documented Equipment Pieces with a Crit ica l ity Number 
68 All t ime based PM act ivit ies auto-trigger Work Orders in CMMS Yes or No 
Contractor Management 
69 Tota l  Dol lar Value of Services From Contractors $/month 
70 Tota l  Dol lar Value of Sevices Received From Contractor with most $ 
71 Number of Contracto r  OSHA/MSHA Recordable Injuries Number 
72 Tota l  Hours Worked by Contractors on Site Hours 
73 Contractor Product ivity (Wrench Time) Percentage 
Others 
74 Contractor Manaqer Survey Results  Number 
75 Tota l  number of inhouse PdM technoloqies Number 
76 Total number of a l l  PdM technoloa ies Number / List 
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